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Doktori tanulmányaim időszakában rengeteg segítséget kaptam és még több dolog
történt velem. Ennek megfelelően sok köszönettel tartozom sok ember, intézmény felé.
Ezt igyekszem itt kinyilvánítani.
Először is, köszönettel tartozom azoknak, akik rábeszéltek, hogy 2015-től részt vegyek
a Sokszínű Fizika (All Colours of Physics) programban, melynek keretein belül számos
ismeretterjesztő előadást tartottam Magyarországon, főleg általános és középiskolás gye-
rekeknek. Köszönettel tartozom továbbá azoknak, akik támogattak azon ötletemben, hogy
elindítsam a saját ismeretterjesztőmet is, kiegyenlítve így azt a belső késztetésem, hogy
Haza is eljuthassak ezekkel az előadásokkal (Felvidékről származom és a családom most
is ott él).
Történt ugyanis, hogy 2017-ben közzé tettem egy felhívást, melyben határon túli
iskoláknak ajánlottam magam egy ingyenes, figyelemfelkeltő, fizika témájú előadássorozat
formájában. Ennek eredményeképp 2017-ben hozzávetőleg 30 helyszínre látogattam el
Felvidéken és majdnem 2000 diákot értem el azzal a fizikával, melyet ők manapság sajnos
csak száraz tudománynak látnak. Ez a nagy számú előadás nem jöhetett volna létre
magánember segítőim és a Wigner Fizikai Kutatóközpont, valamint a Bay Zoltán
Kutatóközpont támogatása nélkül. Ezúton is szeretném kifejezni hálámat az irányukba.
Köszönettel tartozom külső témavezetőmnek, Varga Lajos Károlynak, hogy a kezde-
tektől hitt bennem és mindig mutatta az utat számomra. Nagy segítség, hogy megtaní-
totta hogyan kell elkészítenem a saját mintámat és megmutatta, hogyan lehet megérzések
alapján olyan útra tévedni, mely érdekességek felé vezet. A Wignerben töltött évek során




Köszönet egyetemi témavezetőmnek, Nguyen Quang Chinhnek, aki felhívta a fi-
gyelmem arra, hogy a rohanás többé-kevésbé csak fél eredményeket szül. Ez az évek során
egyre fontosabb tanácsnak bizonyul.
Nem kisebb köszönettel tartozom Fazakas Évának, mert akkor segített, mikor a leg-
nagyobb szükségem volt rá. Tette ez ráadásul önzetlenül. Rajta keresztül ismerkedtem meg
a Bay Zoltán Kutatóközponttal és vele együtt vehettem ki a részem olyan ipari feladatok
megoldásában, melyek által az egyetemen megtanult anyagtudomány kész termékbe való
implementálását tanulhattam. Ettől pedig én csak több lettem.
Magának a Bay Zoltán Kutatóközpontnak azért tartozom köszönettel, mert a tel-
jes infrastruktúrájukat rendelkezésemre adták, ezzel nagy segítséget nyújtottak, hiszen
soha nem kellett hónapokat várnom egy-egy kísérlet elvégzésével. Ebben az intézetben
több olyan emberrel is összehozott a sors, akik nagymértékben hozzájárultak a látóköröm
kitágításához.
Ezúton szeretném megköszönni Csizmazia Jánosnak, Karai Ambrusnak és Haj-
du Ferencnek, hogy bármivel kerestem meg őket, mindig pozitívan álltak hozzám. Azt is
megköszönöm, hogy amikor mérnöki tudaltanságomból kifolyó gyermetegséggel kérdeztem,
türelmesen elmagyarázták a megoldást. Bízom benne, hogy azért ők is profitáltak valame-
lyest az anyagtudományi ismereteimből.
Az ELTE-n eltöltött évek alatt nagy változáson, fejlődésen mentem keresztül. BSc
hallgatóként csecsemőnek, MSc hallgatóként fiatalnak éreztem magam. Ahogy teltek az
évek a doktori programomban, ez az érzés mindinkább a kolléga felé konvergált. Emiatt
nagyon hálás vagyok. Az Anyagfizika Tanszék úgy működik, mint egy nagy család. És
én szépen lassan ennek a családnak a részeként töltöttem itt napjaimat. Köszönöm tehát
Groma István tanszékvezetőmnek, hogy befogadott és idővel egyre több feladattal látott
el, amiből tudtam, hogy nem csinálom teljesen rosszul, amit csinálok.
Életem egyik legjobb élménye, hogy belecsöppentem az ELTE pásztázó elektron-
mikroszkópiás laborjának vérkeringésébe. Mérhetetlenül hálás vagyok a sorsnak, hogy
megismerhettem az itt dolgozó kollégákat. Köszönöm Dankházi Zoltánnak az örökös op-
timizmusát és hogy láthatom azt, milyen egy korosztállyal arrébb is ugyanolyan lelkesedés-
sel csodálni a fizikát, ahogy én teszem azt most. Így már látom, mi az irány.
Köszönöm Varga Gábornak, hogy mindig bölcs, türelmes és hogy ennyire érdekli
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minden, ami érdekes. Hogy szó nélkül elfogadta a disszertációm lektorálását. Fogalma
sincs mennyit tanultam tőle.
Nagyon hálás vagyok, hogy megismertem az itteni munkatársaimat, Szabó Ábelt,
Ugi Dávidot, Maksa Zsoltot. Ha nem is tudják, óriási részük van abban, hogy milyen
minőségben telnek a napjaim az egyetemen. Sokat tanultunk egymástól és igyekeztünk
egymást mindig pozitív irányba mozgatni. A labor légköre utánozhatatlan és ez nem csak
a beállított hőfokban és páratartalomban merül ki. Világszínvonalú kutatást folytatunk
itt, világszínvonalú emberekkel. Remélem, ez soha nem fog megváltozni.
Köszönöm továbbá Heczel Anitának a röntgen diffrakcióval kapcsolatos segítségét és
a közös munkát szintúgy. Shuo Huangnak, hogy olyan lelkes és ügyes. Mire én leöntöt-
tem egy ötvözetet, ő már implementálta a szimulációt és két nappal később készen voltunk.
Szommer Péternek, hogy összenyomta azokat a mikropillárokat is, amiket nem lehetett
megtalálni. Ö Kovács Alajosnak, hogy mindig a rendelkezésemre állt és nem szabott
gátat az ötleteimnek. Akkor sem, ha rosszak voltak.
Köszönöm Molnár Dávidnak, hogy ketten mentünk a világ ellen, mikor úgy éreztük,
minden ellenünk van. Igaz, most Svédországban tapossa az utat, de tudom, hogy soha nem
fogunk egymástól túl távolra kerülni. Taposd tovább és mutasd meg mi az a Magyar Vir-
tus.
Óriási köszönettel tartozom továbbá Vitos Leventének, amiért mindig volt rám ideje
és felkarolt, mikor úgy látta, fel kell. A lehetőségekért, melyek kapcsán kijuthattam Své-
dországba és a közös munkáért.
Köszönettel tartozom a barátaimnak is, hogy a barátaim. Ők akkor is interferálnak az
életemmel, hogy sokszor hónapokig nem találkozunk. Sajnos nem tudok mindenkit meg-
nevezni, mert akkor a köszönetnyilvánítás elfoglalná az egész dolgozatomat, de üzenném
mindenkinek, aki a barátomnak tartja magát, hogy köszönöm!
Köszönöm páromnak, Zsófinak, hogy mindig támogatta és ösztönözte, hogy haladjak.
Nem lehet könnyű egy kutató mellett, aki gondol egyet éjszaka, és bemegy dolgozni, mert
eszébe jut valami botorság. Köszönöm, hogy együtt nevelhetjük Manót, hogy együtt ter-
vezhetjük utunkat. Remélem ugyanannyira tudlak majd támogatni az önmegvalósításod-
ban, mint Te engem. Ezúton fejezem ki köszönetem az egész Kósa családnak: testvérestül,
szülőstül. Köszönöm, hogy befogadtatok!
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Végül, de legfontosabb helyen: köszönöm a családomnak. Anya, Apa, bízom benne,
hogy már Ti is olyan világosan látjátok, mint én, hogy ez az az út, ami engem boldoggá
tesz. Köszönöm, hogy akkor is támogattatok, mikor ez nem volt ilyen világos.
Lillának, hogy láthatom a szemében a kíváncsiságot, mikor fizikáról mesélek. Zsuzsi-
nak, hogy olyan, mintha hárman lennénk testvérek.
Nagyszüleimnek, hogy mindig neveltek és elmondták milyen volt a világ régen, mert
visszafelé épp oly szívesen tekintek, mint előre.
Köszönöm Mama, hogy megtanítottál főzni. Nagy hasznát veszem. Ezt a dolgozatot
Neked ajánlom.
Nagyanyám, Vida Katalin emlékére.
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Kivonat (Abstract in Hungarian)
Disszertációmban a nagyentrópiás ötvözetek témakörébe tartozó kutatási eredményeimet
foglalom össze.
Ezen új anyagtudományi ágazat egy igazán fiatal ötleten alapszik, mégpedig azon, hogy
szakítva az évszázados hagyománnyal, úgy készít ötvözeteket, hogy azokban sok összetevő
legyen nagyjából azonos atomkoncentrációval. Az ágazat két, 2004-ben megjelent cikkhez
kötődik, melyek alapötletét a kutatóközösség rögtön átvette és megindulhatott egy olyan
kutatási hullám, amely mára több ezer publikációra hízta magát. A téma létjogosultságát
az a tény szolgáltatja, hogy ezen ötvözetek speciális tulajdonságai miatt olyan lehetőségek
nyílnak, melyek eddig korlátozva voltak.
Az akkor publikált eredmények alapján a kutatók azt próbálták értelmezni, hogy miért
szilárdoldat fázisban kristályosodik egy akár 20, azonos atomszámú összetevőt tartal-
mazó ötvözet. Az eredmény azért volt meghökkentő, mert a Gibbs-féle fázisszabály egy
sokalkotós rendszernél egynél jóval több egyensúlyi fázis létezését tenné lehetővé. Nem
mond azonban semmit arról, hogy mennyinek kell kialakulni.
A fent említett cikkekben elhangzott magyarázat szerint az ötvözetben jelen lévő
nagyszámú elem biztosította keveredési entrópia dominálja a fázisviszonyokat leíró Gibbs
egyenletet, így elnyomva az elemek vonzó vagy taszító hajlamát (tehát az entalpiát).
Az eltelt 14 évben az anyagtudomány sok kérdést megválaszolt, azonban joggal érezhető,
hogy a java még hátra van. Sajnos, egyelőre az alapkoncepció átfogó kísérleti vizsgálata
is hiányos, ami érthető, hiszen önmagában ez is egy óriási feladat, és a jelenleg elérhető
legjobb mérési felbontások, módszerek, pontosságok éppen csak elérhető közelségbe helyezik
a választ. Azonban, ha jelen tendencia megmarad, becslésem szerint a következő 5 éven
belül nagy előrelépésekre számíthatunk.
Jómagam a disszertációt a többfázisú ötvözetek köré koncentráltam és igyekeztem
eredményeimet a legjobb tudásom szerint csoportosítani, mégpedig a már megjelent cikkeim
alapján. Ugyanígy tettem a tézispontokkal is.
Kutatómunkám során sokat foglalkoztam a nikkelt, kobaltot, krómot és vasat tartal-
mazó „alap” nagyentrópiás ötvözettel, amely (önmaga és leszármazottai formájában) a
legtöbb publikált cikkben szerepel.
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Ez az ötvözet szilárdoldatként kristályosodik és lapcentrált köbös szerkezetű. Ezt
ötvöztem alumínium, germánium, gallium és ón elemekkel, melyek az alapötvözet d ele-
meivel szemben az sp mezőből származnak.
Megmutattam, hogy az ötvözők hatására az egyfázisú alapötvözet kétfázisúvá válik,
ahol a második fázis tércentrált köbös. Ez a megfigyelés összhangvan van az irodalom-
ban elterjedt egyik alapeffektussal, melyet koktél effektusnak neveznek. Megmutattam
továbbá, hogy nem csupán az átlagos vegyértékelektron koncentráció a mérvadó fázis-
szétválást okozó ötvözéseknél, hanem az entalpia is, hiszen olyan paraméterű ötvözések
esetén, ahol az átlagos vegyértékelektron koncentráció megegyezett, más arányú és mor-
fológiájú szétválásokat mértem, amely összhangban volt a keveredési entalpiák viszonyaival.
A dolgozatomban szisztematikusan vizsgáltam a fentebb említett négy darab sp elem-
mel ötvözött ötvözetből kettőt (Ga és Ge ötvözés). Magyarázatot adtunk arra, hogy miért
válik az egyébként paramágneses alapötvözet ferromágnessé a fázisszétválasztás után.
A gallium tartalmú minta esetében azon felül, hogy választ találtunk az anyag különös
mágneses viselkedésére, célzott hőkezelés sorozattal megmutattam, hogy az öntött állapot
erősen metastabilnak tekintendő. Ez abban nyilvánul meg, hogy más-más paraméterű
hőkezelésekkel a fázsiviszonyok markánsan változtathatók, valamint nanoméretű koncen-
trációfluktuációk is létrehozhatók.
Ezek az eredmények azt sugallják, hogy öntéskor a rendszer a legkönnyebben elérhető
állapotba kerül és metastabilan ott is marad. Méréseimből arra következtettem, hogy
mind kristályszerkezeti, mind kémiai metastabilitások befagyaszthatók a rendszerbe és az
egyszerű öntések végén tapasztalható hűlési sebességek a nagyentrópiás ötvözetek esetében
gyorshűtésnek minősülhetnek.
Munkám végén bemutatok két egészen eltérő atomokból álló rendszert, mely nikkelt,
krómot, vasat, wolfrámot és molibdént tartalmaz. Ezeket az ötvözeteket a várható mag-
asolvadáspontjuk és nagy szilárdságuk miatt hoztuk létre. A létrehozott két ötvözetet a
binér fázisdiagramok vizsgálatával terveztük meg, úgy, hogy az egyik azonos számú atomot
tartalmazzon minden elemből, a másik pedig a legjobb kölcsönös oldhatóságot teljesítse.
Az öntés utáni vizsgálatok során visszaszórt elektrondiffrakcióval megmutattam, hogy az
ekvimolárisban 3 fázis, az oldhatóságra tervezettben pedig 2 fázis alakult ki. A mintákba
mikropillárokat készítettem és ezek összenyomásából kinyert feszültség-deformációs gör-
bék révén megmutattam, hogy pusztán a nominális összetétel változtatásával hangolható




During my doctoral studies, I have received tremendous help, and innumerable things
have happened to me.
Firstly, I owe a debt of gratitude to those who have convinced me to take part in
the All Colors of Physics program from 2015, in the framework of which I have given an
abundance of lectures all over Hungary – mostly in elementary and secondary schools.
Furthermore, I want to thank those, who have supported my idea of launching my own
educational tour, and this way, satisfying my innermost desire to reach my homeland with
these lectures. (I was born in Slovakia and my family still lives there.)
It all started when I published a notice in 2017, offering my services to schools located
outside of the Hungarian borders in the form of a free, awareness-raising tour on topics
related to physics. As a result, in 2017, I have visited around 30 venues in Upper Hun-
gary, and I have reached almost 2000 pupils with the interesting side of physics, which
is nowadays unfortunately seen as a bald and plain science. This abundance of lectures
could not have taken place without the support of my private individual helpers, Wigner
Research Centre for Physics and Bay Zoltán Nonprofit Ltd. for Applied Research. I would
like to take this opportunity to express my gratitude towards them.
I owe thanks to my external doctoral advisor, Lajos Károly Varga, for believing in me
from the start and leading the way. He has provided me with valuable help by teaching
me how to prepare my own samples and showing me how to stumble upon new paths
leading to interesting topics by trusting my gut.
I want to thank my doctoral advisor from the university, Nguyen Quang Chinh, for
pointing out that most often haste only leads to partial results. As the years go by, this
piece of advice is only gaining in importance.
I owe no less thanks to Éva Fazakas, because she helped me when I needed it the
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most. What is more, she offered all help selflessly. It was her, who has introduced me to
Bay Zoltán Research Centre, and by her side, I could take part in solving problems that
required the implementation of my knowledge on material science in a wider sense that I
have acquired during my university studies. This has all just made me richer as a person.
I owe thanks to the company itself for making their whole infrastructure available for me
and by doing so, providing me with tremendous help, because I have never had to wait
months for performing an experiment. It was at this company that I have met multiple
people who have contributed to the expansion of my horizon.
I would like to take this opportunity to thank János Csizmazia, Ambrus Karai and
Ferenc Hajdú for the positive attitude they have always taken towards me, no matter
what utter nonsense I turned to them with. Furthermore, I want to thank them for pa-
tiently explaining the solution to every silly engineering problem I asked their advice on.
I hope that to some extent, they have also profited from my knowledge of material science.
During my years at ELTE, I have undergone major changes and development. As a BSc
student, I felt like a newborn, while as an MSc student, I felt like a young person in bloom.
As the years have passed during my doctoral studies, they made me feel more and more
like a colleague. For that I am very grateful. The Department of Material Physics at ELTE
works as one big family. And gradually, I have become part of this family and spent my
days in this in this familiar atmosphere. I want to thank my Head of Department, István
Groma, for taking me in and, after a while, entrusting me with more and more tasks and
by doing so, letting me know that I am not completely off-track with whatever I am doing.
One of the best experiences of my life was getting involved in the vibrant daily life of
the local SEM lab. I am immensely indebted to destiny for getting to know the people
who work there. I want to give thanks to Zoltán Dankházi for his incessant optimism and
for making me see that it is possible to keep our enthusiasm and admiration for physics a
generation older than I am now. Now I can see the right direction. I want to thank Gábor
Varga for being this wise and patient and for expressing such great interest for everything
that’s interesting. And for accepting the revision of my dissertation without a word. He
has no idea how much I have learnt from him.
I am nonetheless grateful for getting to know my colleagues working there: Ábel Szabó,
Dávid Ugi and Zsolt Maksa. They also have a great part in setting the tone for my days at
the university. We have learnt a great deal from and about each other, and we have always
strived for pointing each other in the right direction. The lab has a matchless atmosphere,
and this doesn’t end at the pre-set temperature and humidity. We are conducting world-
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class research with world-class people. I hope this will never change.
I also want to thank Anita Heczel for the immense X-ray-related help and the col-
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Abstract
In this work I would like to summarize my results regarding multiphase High Entropy
Alloys (HEAs).
This new thread of materials science is dealing with metals in a completely differ-
ent thinking than it was common for example in the case of steels. Whereas in the case
of ordinary steels, a mayor and some minor components in alloy were considered, the
topic of HEAs deal with alloys containing many elements in equal or near equal atomic
proportions. Thereby, the border between solute and solvent is blurred, in many cases
indeterminable.
The field of HEAs can be attributed to two articles, which have been published in-
dependently by two authors in the beginning of second millennium. Their main idea was
the concept that high configuration entropy in a many component system can overcome
the contribution of enthalpy in the Gibbs equation, thus it can stabilize the solid solution
phase, despite many constituents in the alloy. Their main point was the fact that even
a system containing 20 elements can crystallize as solid solution, while the Gibbs-phase
rule allows much more equilibrium phases in that case.
In the last fourteen years many investigations were carried out and the number of
papers published grew to more than two thousand. This huge number should indicate
the importance of this research area. This mentioned interest is based on the high degree
of composition freedom in connection with superb composition tunability of these alloys.
Anyway, taking a closer look on standpoint of today, one can conclude that there are still
many opened basic questions. These questions should be answered soon, and on the other
hand, the needed resolution, computer capacity and the effort to make these tasks is so
high, than it can be achieved only by the top instruments, nowadays. Groundbreaking
results will be achievable within some next years, at least based on my estimation.
My thesis is concentrated to multiphase HEAs, which means that all of my results
presented here are meant to multiphase systems. I have tried to keep the chronological
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order of my progression and the results are shown through my published papers.
On the first step, I was dealing with the most important and most famous HEA, which
consists of Ni, Co, Fe and Cr elements. This one crystallizes in Face Centered Cubic (FCC)
lattice and it is solid solution with paramagnetic properties.
I have first studied the doping effect of sp element on this d system. Based on this,
I have prepared four more alloys, where Al, Ga, Ge and Sn doping were followed. I have
shown that the single-phase alloy became multiphase when doping and the second phase
is Body Centered Cubic (BCC) with ferromagnetic properties. This result was in accor-
dance with a generally accepted core effect called cocktail effect. Furthermore, I have
shown that the phase separation is not only the function of the so called Valence Electron
Concentration (VEC), but it depends much also on enthalpies of mixing.
In the next sections I started to investigate the individual alloys of this family. First,
we have explained the magnetic nature of the new born BCC phase of NiCoFeCrGe.
In the case of Ga containing sample, the magnetic behavior of this alloy has also been
explained, so the anomalous thermal expansion. During targeted heat treatments I have
shown that the as-cast state has to be considered as metastable. Based on my results, the
phase ratios and morphologies can be varied, and nano scale chemical inhomogeneities
can be created with different heat treatments and different cooling speeds.
My results also suggests that the system chooses the easiest way to crystallize, not the
lowest energy state and it remains in metastable state at ambient conditions. I have found
both chemical and structural metastable behavior during my research. In conclusion, I
have found that the cooling speeds applied at different castings are rapid enough for these
types of HEAs to regard them quick cooled.
In the final point, I show a different family, which was created in hope of capability
for high temperature applications. One can find Ni, Fe, Cr, Mo and W elements with
varying concentration in the two alloys. First, equimolar one, was designed for maximal
entropy and the second, non-equimolar was designed for maximal solubility based only
on knowledge achievable from binary phase diagrams. After casting three phases can be
observed in equimolar and two phases in the non-equimolar compositions. These results
were in good accordance with the theoretical predictions. Micropilars were made on the
samples by focused ion beam and then compressed with nanoindentation, while recording
the stress-strain data. Through these results I have shown that by varying the nominal







During the industrial revolution the science of metals got such a modern basis, that
experts could create so called phase diagrams of the binary and ternary alloys, so the
effect of alloying could be mapped. There were two major questions at that time: how
the contamination will influence the properties and which are the mechanical properties
of specific structures. These questions are pointing to a basic issue: how the macroscopic
properties can be tuned with the composition?
As that time steel became the most widely used material in the world, engineers started
a critical investigation which has ended in such extremely large knowledge that it is still
difficult to find such an example. However, one thing has remained for thousand years:
alloys consisted of a matrix metal and some alloying elements. As we progress with the
discussion from steels to our subject, this point of view will be changed. However, to keep
things in chronological order, the discussion should be started with the metallic glasses
as a kind of antecedent for our topic in the family of non-equilibrium materials.
The first article [1] about amorphous metallic material (1960) caused great sensation.
In fact, if one does melt a metal and then let it freeze, then it will crystallize because
of thermodynamic reasons. The phenomenon is unsophisticated: the Gibbs free energy of
randomly distributed atoms in liquid state is higher than for a well defined arrangement
attached to a crystalline lattice.
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Figure 1.1: Schematic representation of a
TTT diagram.
Nonetheless, the crystallization is a dif-
fusion controlled process, thereby the sys-
tem needs finite time for the atoms to settle
in their most stable position in the lattice.
Plotting the temperature in the function
of the logarithm of the time for percentage
transformation of a given material, one will
see a C shaped curve (see the 1.1 figure).
These are called TTT (Time-Temperature-
Transformation) diagrams, which can be
used to describe the crystallization kinet-
ics of materials.
An amorphous alloy is disordered both
chemically and topologically. On the con-
trary, a High Entropy Alloy (HEA) is dis-
ordered chemically but shows an average
topological order with an average lattice
constant. The advantages of both multicomponent alloys is that their properties can be
tuned in a wide concentration range. The formation conditions of amorphous alloys can be
obtained by avoiding the „nose” of the TTT diagram during the solidification. Such a re-
striction do not exist in a HEA. Due to the topological disorder, the dislocation model [2–
4] for the plastic deformation can not be applied for the amorphous materials, whereas in
the case of HEAs it is even more useful as in the case of ordinary polycrystalline materials.
Last but not least it should be mentioned that due to the composition dependent
cooling rate there is a restriction of the size of amorphous materials, such a limit does not
exists while casting HEAs.
Continuing the historical roadmap we enumerate the most characteristic events in the
development of a new alloy family. In 2004 two papers were presented1 and they created a
new section in materials science, namely the field of High Entropy Alloys, shortly HEAs.
Jien-Wei Jeh from Taiwan [6], and Brian Cantor, from England [7] presented them
and both researchers independently investigated phenomena in multicomponent alloys
and accordingly the birth of the field of HEAs is attributed to both of them.
1It should be mentioned that a researcher in 1788, named Franz Karl Achard has studied the at
least 5 component alloys (in equimass composition range). He investigated few hundred alloys during
his life career, and the result were presented in a handbook [5]. In the summary one can read that the
properties of multicomponent alloys are quite different from pure metals and there is no hope to predict
the properties of multicomponent alloys.
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It is worth to spend a little time to explore the preliminaries to this story. The main
point of Cantor’s work was to follow the confusion principle formulated by Lindsey Greer
[8], telling that the glass forming ability is strongly supported by the high number of
alloying elements. Accordingly, they created binary, ternary, etc. alloys up to a final com-
position where 20 elements were mixed in equimolar composition [7]. The most surprising
result of the investigation was that the structure of the new alloys was quite simple: the
mixture of Face Centered Cubic (FCC) and Body Centered Cubic (BCC) or Hexagonal
Close Packed (HCP) lattices. There were no, or just a very few intermetallic phases. Based
on the number of elements (20) one might think that there will be more likely and unlikely
atomic groups, but the system remained in solid solution state. Or at least it seemed so
[9, 10].
First information about Yeh’s work is an MSc thesis of his student from year 1995.
The objective of the thesis was to investigate the importance of entropy in the case of
multicomponent system. This idea has developed and appeared in [6], where an explana-
tion was given to the fact that solid solution is stabilized over intermetallic phases. The
idea was that high configuration entropy of nearly equimolar alloys may dominate the
Gibbs equation, and thus favor the settlement of atoms in the solid solution phase.
Although the number of phases are much less than it would be expected from the
Gibbs-phase rule, HEAs are mainly multiphase materials. The most frequently occurring
phases are simple, like HCP, BCC or FCC and this is where the attribute comes from,
namely, they can combine the characteristic properties of simple systems. By changing
the phase fraction and/or topology of the phases, the properties can be changed. The new
sector (field of HEAs) works with more components in alloys, which means higher degree of
freedom regarding the composition, and therefore the number of possibilities can be higher
by orders of magnitude. For this reason the trial and error method could be impractical,
not to mention wasted man hours to perform this. A common practice today is to follow
the deep intuitions built in the case of binary and ternary alloys, on the other hand, the
symbiosis between theoretical and experimental physics became reinforced. In fact, the
simulation of a multicomponent system can be a formidable task, the approximations
used are getting better and better nowadays and the partnership between theory and
experiments shows progressive results.
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1.1 Objectives
The aim of this work is to explore specific families of HEAs and to find essential
answers to basic questions concerning phase structures in the function of composition
and cooling rates. As it was mentioned before, HEAs are in visible connection with Bulk
Metallic Glasses (BMGs [11]). As for the BMG design the Inoue empirical rules [12] are
available2 the HEA system also has his own guidelines introduced by Sheng [13]. Based on
his work, following three parameters has to be fulfilled to obtain high entropy dominated
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are enthalpy and entropy of mixing, respectively and   is the atomic
size difference3.
Taking this into account, one may say that the evolution of BMG concept already
implied the HEA concept. In the literature the reader can find some detailed work inves-
tigating the effect of cooling speed on structure of these materials, but a comprehensive
investigation on alloy families regarding the question is still missing [14–18].
The (alloying-processing)-(microstructure property) relationships in HEAs present in-
terest for researchers, because of the complexity of phase transformation reactions and
the wide spectrum of microstructures and properties are achievable. The present work se-
lects several alloys where multiphase structure and/or phase transformations occurs after
targeted heat treatments.
2In order to obtain BMG, one should fulfill the following rules: i) multicomponent system, ii) significant
atomic size difference and iii) negative heat of mixing among constituent elements
3The enthalpy and entropy of mixing will be described in theoretical part. The atomic size difference,
  is defined as   = 100
pP
n
i=1 ci(1  ri/r̄)2, where ci is the concentration of i-th element in at%, ri is the




If one follows the „High Entropy Concept”, the possible number of alloys, N , can be
estimated taking all the possible metals (with number C) from the periodic table, and
considering composition changes by x atomic percentage. Then one component can be
changed 100/x times and the number of alloys for C-1 independent variables would be
N = (100/x)C 1.
Considering the 60 elements of the periodic table to work with, there would be 10177 pos-
sibilities for x = 0.1% resolution. To reduce this number, lets count only with 40 elements
(the radioactive, uncommon, etc. elements can be neglected) and alloy composition dif-
ference with x=1%, there will be still 1078 possibilities. Just a note: the number of atoms
in universe [19] is smaller, around 1066. This gigantic number immediately shows that the
trial and error method is not remunerative.
2.1 Nomenclature
Recent comprehensive investigation was pointing to the nomenclature of HEAs. Mir-
acle and Senkov suggest [20] to use HEA term only, when equally the configurational
entropy or the objective of producing a single-phase solid solution is important. Other-
wise the Complex Concentrated Alloys (CCAs) are used to evoke the essential features
without any implications regarding the magnitude of configurational entropy or the types
of phases formed. The suggestion comes from the assumption that atoms are distributed
randomly in these types of alloys. One can see that the literature focuses almost exclu-
sively on configurational entropy of solid solutions, but unfortunately the early statements
regarding this randomness have not been verified even nowadays. At the end of this chap-
ter the writer has to consider which name should be used, but first one have to pass trough
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the thermodynamics of the HEA systems.
2.2 Thermodynamics of HEA systems
The first surprising experimental observation in the historical ladder of HEAs was the
low number of phases in the as-cast alloys, significantly lower than that possibly allowed
by Gibbs-phase equation:
P + F = C + 1. (2.1)
In the equation (2.1) the P represents the number of phases, F the degrees of freedom1
and C the number of components. In this representation the pressure is considered to be a
constant value. There are (N-1) compositional degrees of freedom and 1 degree of freedom
for temperature. It is important to mention that the phase rule bounds the number of
possible phases, but it gives no comment how many phases are actually present in the
system at a given temperature. The fact that HEAs have fewer than maximum number
of phases has also been used to support the entropy effect2 [21–23].
Minimizing Gibbs energy, G, is a standard method to analyze the thermodynamically
stable phases in a system. There are three main competitive phases in an alloy: pure
elemental phase, intermetallic phase and solid solution phase. The phase or phase mixtures
with lowest Gibbs energy will occur.















The sum term is the Gibbs energy of the i element, MGideal
m
is the ideal molar Gibbs energy
of mixing and the EGA
m
is the excess Gibbs energy for phase A. To see the differences, we
expand the equation. In all cases we use pure elements and standard states, so we remove
the summation term and only discuss the mixing. The MH ideal
m
= 0 and MGideal
m
is given





i=1 xi ln(xi), where R is
the gas constant and x
i
is the atom fraction of element i.
EGA
m
includes the excess enthalpy EHA
m
and excess entropy ESA
m
. For simplicity we drop
the pre superscript of excess enthalpy and combine excess and ideal entropies to the total
1The number of intensive variables that can be changed arbitrarily and independently without changing
equilibrium.
2The idea is that high entropy term can extend the mutual solubility between elements and the alloy
can crystallize as disordered or partially ordered solid solution.
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. The m subscript can be omitted, since we
consider only molar quantities, so the final equation is the familiar form of Gibbs relation
GA = HA   T (SA), (2.3)
where T is the absolute temperature. Important to mention that HA contains only non-
ideal interactions and SA both excess and ideal terms.
The solid solution (SS) and intermetallic (IM) phases have distinct enthalpies and en-





In regular solutions the enthalpy is non zero3 but the deviation from it is small and the
entropy is assumed to be the same. The atom distribution is random in ideal solutions and
is assumed to be random in regular solutions also (although the deviations from HSS = 0
are associated to non randomness). In this respect the SSS and HSS are symmetric in
equimolar composition.
Analysis of more then thousand binary systems [24] showed that most of the systems
are sub-regular. In sub-regular solutions the atom arrangement is not random, so both
HSS and SSS curves are asymmetric in the equimolar composition. The importance of
non-randomness and the influence on entropy and enthalpy curves is not well known yet,
however, non-random distribution gives tendency for phase separation if  H is positive
or short-range ordering if negative.
Furthermore, there are other contributions to the entropy including excess entropy
from different size atoms and non-configurational terms from electronic and magnetic
effects and vibrations. In the early stages of research, from these only the configuration
entropy was considered as important parameter but some studies suggest other possibly
important terms.
The total entropy of a system can be written as
S = Sideal + confS + vibS + elecS + magnS. (2.4)
We are interested in contributions relative of ideal and excess entropy terms to the total
3The Miedema method can be used to generate the magnitudes of mixing enthalpies for binary metal-
lic systems. These HSS values can be used to estimate the integral, molar enthalpy of mixing for N





k=0 ⌦k ((ci   cj) / (ci + cj))
k, where N
ij
is the number of i   j pairs, corresponding c values are their concentrations and ⌦
k
parameters are for
fitting HSS in i  j solutions [24].
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Taking all of these into account, the following summary can be written based on work
of Miracle and Senkov [20]:
• Sub-regular solutions are the most common type of solutions, leading to chemical
short-range ordering or phase separation, which can reduce SSS.
• Data for total entropy terms of binary alloys suggest that excess entropy4 terms
can be up to twice the value of SSS,ideal, reducing significantly the total entropy by
significant values.
• The enthalpy of mixing works together, rather than against entropy, to stabilize the
solid solution. These two terms compete with formation enthalpies and entropies of
ordered compounds.
• The vibration entropy can be higher (by orders of magnitude) than ideal configu-
ration entropy, however, vibS in the parent and product phases of a reaction have
roughly equivalent magnitudes and the contribution is largely canceled out.
• Of the four major terms (HSS, SSS, HIM , SIM), no single term or pair of terms
consistently dominates phase selection5.
• Gibbs phase rule gives the maximum number of phases that can exist in alloy as a
function of the number of components and independent variables (p, T ). The rule
cannot be used to support high entropy hypothesis. Observing the maximum number
of equilibrium phases is expected to be uncommon.
4Classical thermodynamic solution theories assume that mixtures consist of equal size atoms, but
real solutions usually have atoms of different sizes. This has important implications. The different size
atoms bring some uncertainty to the system, thus giving an excess configuration entropy term. In HEAs
the lattice is assumed to be highly strained, the atoms are displaced from regular lattice sites and the
phenomena became more important. With respect to the enthalpy, the coordination number of different
sized atom positions also can be important.



















x, where ax is the number of sites on the x sub-lattice
and fx
i
is the fraction of element species i randomly distributed on the x sub-lattice. Total number of












). Intermetallic compounds and solid
solutions of the same composition have essentially the same bond enthalpies ✏
ij
but the different ordering
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• Thermodynamic arguments in the HEA literature are generally based on equilib-
rium, therefore, when comparing the experimental results with these concepts, some
efforts have to be made to help the material to approach equilibrium.
2.3 Core effects
Initially, four core effects were proposed to describe HEAs, namely i) the high entropy
effect, ii) the lattice distortion effect, iii) sluggish diffusion and iv) the cocktail effect [28,
29]. The first three effects are still in use being the simplest descriptions of some specific
properties.
High entropy effect
The high entropy effect is the most characteristic feature of HEAs, and means that
the high configuration entropy of an equimolar (5 or more component) alloy may favor SS
phase(s) over competing IM compounds. The discussions mainly consider configurational
entropy, while vibrational, electronic and magnetic terms are akcnowledged [6, 21]. In the
previous section we have seen that other therms may be important as well. As a numerical
example for a five component alloy: S = 8.31 · ln 5 · 1000 = 13.3 kJ/mol, which can be
higher than  H.
The lattice distortion effect
The distortions are expected to be higher in HEAs then in conventional alloys. The
chemical short range disorder correlates with the high lattice distortions. Uncertainty in
atomic positions contributes to excess entropy and decreases the XRD peak intensity
similarly to the Debye-Waller effect, increases hardness, reduces electrical and thermal
conductivity and temperature dependence of properties [21, 28]. These assumptions are
physically sensible but systematic separations from other contributions are still missing
from literature.
Sluggish diffusion
The diffusive processes in condensed materials are vacancy controlled. Taking this into
account, and considering the large lattice distortions, resulted by different size atoms, the
jump of vacancies seems to be rather complicated, thus diffusion in HEAs seems to be
sluggish [6, 28, 30].
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Figure 2.1: Schematics of severe lattice distortion. One component system in BCC
lattice (left) and five component system (right) in BCC lattice. On the left side the
dashed line represents the average lattice.
The effect was first a hypothesis, later secondary observations (formation of nanocrys-
tals and amorphous phases upon solidification [31, 32]) and control measurements were
carried out, which confirmed that this is an existing phenomena. Significant fluctuations
of Lattice Potential Energy (LPE) are seemed to be responsible for the effect. Low LPE
sites act like traps for vacancies, so the diffusion is slower in these materials than in con-
ventional alloys [33]. Based on this, one can conclude that this effect plays significant role
in the evolution of microstructures of HEAs, furthermore it has impact on recrystallization
temperature, slows the grain growth and it reduces the affinity for grain coarsening.
Cocktail effect
The name was first proposed by Prof. S. Ranganathan [34] in 2003: „The English lan-
guage insists on unalloyed pleasures, thereby implying that the sensation of pleasure must
be pure and not admixed with other emotions. Exactly the opposite rules in metallurgy,
where pure metals have few uses and can always be improved upon by alloying”. Later it
came up to mean a synergistic mixture where the end result is unpredictable and greater
than just the sum of the phases.
The phrase was introduced to describe three alloy classes: BMGs, super-elastic and
super plastic „gum” metals and than HEAs. These all are complex concentrated alloys
in the family of non-equilibrium metallic systems. The cocktail effect tells us that the
properties of materials often result from unexpected synergies.
As it was mentioned, one have to decide which name (HEA or CCA) to use. Since
this work focuses on multiphase materials, so the „single phase stabilization” high-entropy
effect is not utilized, the nomenclature of CCAs seems to be the right name. In spite
of all, the HEA nomenclature will be used for better fitting with state of the
10





The investigated alloys were prepared from pure metals (99.99%) with high precision
in Wigner Research Center for Physics, Budapest. Induction melting technique in cold
copper mold was used to prepare the specimens. The applied argon atmosphere was used
to prevent oxidation and the mass loss caused by oxidation while homogenization. Every
ingot was at least five times re-melted to help the work of diffusion. In the followings, one











Figure 3.1: Schematics of induction melting.
This kind of melting is based on eddy current, which produces heat in the material.
The available temperature is given by the filling factor and the material quality, and on
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the absorbed and loosed energy from the RF power supply. On the other hand, the eddy
current has positive impact on homogeneity. Main parts of the device are shown schemat-
ically in figure 3.1.
The high frequency feed out is „focused” to 7 cm-s region of the water cooled copper
mold which is surrouned by a quartz tube. Between the two tubes a protective argon
atmosphere can be ventilated.
After inserting the pieces of pure metals (or the broken sample in the case of remelting)
the airspace is rinsed for 5 minutes with argon, then a titanium piece (which is used as a
getter materials) is heated up to purple color.
With screw mechanics the induction coil can be moved in horizontal direction from the
titanium piece to the sample.
Typical mass of specimens was between 15-25 grams. Their length and diameter is de-
pendent on atomic composition since it is controlled by the surface tension of the melt,
but a typical length was around 7 cm with a diameter of 1.5 cm.
3.2 Ultrasonic testing
Ultrasonic testing is an „easy to access” technique to estimate several physical char-
acteristics of materials. The sound propagation in metals is in connection with elastic
constants as Young’s modulus (E), bulk modulus (B) and shear modulus (G) thorough
the following relations:
G = ⇢ · v2
t
, (3.1)






















is the longitudinal and v
t
is the transversal sound speed (in m
s
), ⇢ is the density (in
kg
m
3 ) of the material. To do such a measurement, one needs a device which can generate
and also measure the ultrasonic waves. An Olympus 45 MG wall thickness tester is a
good choice, since is capable to measure the precision propagation speed providing the
thickness is known. The device is able to measure both longitudinal and transverse waves
by changing the transducer.
The diameter of transducers is 5 mm, smaller that sample diameter. In order to obtain
reliable results, 5 measurements were made in random locations of every sample and an
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Figure 3.2: Ultrasonic waves in materials.
average was calculated. This has importance, since the ultrasonic waves can diffract on







Figure 3.3: Sound propagation in common material.
The parallelism of two opposite faces is an other important parameter. To obtain good
results, one has to grind and polish the samples faces to parallel.
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3.3 Hardness testing
Hardness is the measure of materials resistance against any kinds of indentation. There
are many classification of hardness testing. In our case the Vickers method was used. In
this technique the indenter is a square-based pyramid shape diamond as it can be seen in
the Figure 3.4.
Figure 3.4: Geometry of Vickers indenter standard.
The quality of the surface has crucial impact on this measurement, since the evaluation
starts with obtaining the two diameters of the indentation mark, the smooth surface
reduces the error of hardness values. The standard Vickers devices are equipped with
built in microscope and built in micrometer screw to make the diameter measurements







where F is in kgf and d is in millimeters. To calculate Vickers hardness in SI units,
one have to convert kilogram-force to newtons, by multiplying with standard gravity
(g ⇡ 9.81m
s
2 in Budapest) and dividing by 1000 to get result in GPa. To do this calculation







where F is in newtons and d in millimeters.
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3.4 Nanoindentation and nanohardness
In contrast to macroscopic hardness measurements, in nanoindentation small loads
and small tip sizes are used, so the indentation area is only a few square micrometers.
Since the macroscopic hardness is measured by measuring the indentation size, in the case
of nanoindentation, other techniques had to be developed. During this type of analysis,
the depth of indentation and corresponding force is measured, and the area of the indent
is determined by knowing the indenter geometry. The recorded data can be plotted to a
force-displacement curve (see the figure 3.5) and the mechanical properties as for example
Young’s modulus can also be determined.
Figure 3.5: A typical force-displacement curve of nanoindentation.
The slope of the initial part of unloading curve is indicative of the stiffness (S) of the
contact. This contains both contributions from the material and also from device and it










where A is the projected area of elastic contact. The sample’s Young modulus (E) can be














where E and ⌫ are the Young’s modulus and Poisson’s number of the sample and E
i
,
⌫ 0 are the same for the indenter tip. This type of investigation is based in Oliver-Pharr
method [35]. The nanoindentation is a relatively easy to access method for materials char-
acterization. The popularity of this method can be indicated by the number of citations
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(around 16000 in 2017), which is one of the most cited articles in materials science.
3.5 Scanning Electron Microscope, Focused Ion Beam,
Micropillar fabrication and indentation
Studies suggest, that plastic behavior may change significantly in micrometers scale
[36–41]. Specimens cannot be considered as infinite in size and the number of dislocations
(which are responsible for plastic deformations) is relatively low in a few µm3 micropillar.
Accordingly, in this case one have to fabricate new theories, which take the size effects
into account. This type of investigation is in very early stage because new techniques has
to be developed. In the faculty of Materials Science, Eötvös University (ELTE) an in-situ
(acoustic emission detection combined with stress-strain measurements) micropillar tester
was built and now it is working with high precision. The schematics of the device will be
drawn later.
Our samples were prepared in the Research and Instrument Core Facility of ELTE.
The micropillars were fabricated by Focused Ion Beam (FIB) installed to Quanta FEI 3D
Scanning Electron Microscope (SEM).
Figure 3.6: Electron-material interaction
caused products inside the SEM.
The SEM works with focused beam of elec-
trons. These electrons interact with atoms
of investigated (most often conductive)
material1 and the picture is made by this
way: i) a focused beam hit the sample, ii)
the electron beam interacts with the ma-
terial and produces lots of answers (sec-
ondary electrons, backscattered electrons,
Auger electrons, X-Ray photons,...), iii)
these products are collected by detectors
(each product has a specific detector type
or setup), iv) information is drawn on the picture (one pixel), v) jump to another point
and repeat. In this way the whole material can be scanned and the picture is made point
by point. The schematics of the interactions between electrons and investigated material
can be seen in the Figure 3.6.
1The conductivity of sample is necessary, since if charging occurs on the sample, static electric field
will built around the charged area. This field can misdirect the electrons which are used for imaging.
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The Quanta 3D SEM is called a dual-beam microscope, because it is equipped with
FIB, which works with accelerated Ga ions. These ions can impact to materials surface
and erode it. With this controlled erosion one can make shapes, cuttings, pillars, etc. on
the surface of the materials. The schematics of the FIB are shown in the Figure 3.7.
Figure 3.7: Pulverization of given material by accelerated Ga ions[42].
Optional shape and number of pillars can be placed on a previously selected area.
Their typical dimensions can be 1:3 (diameter:height). As an example, some snapshots of
pillar carving to a four component (NiCoFeCr) HEA are shown in the Figure 3.8.
Figure 3.8: Snapshots of a conventional micropillar fabrication in a test HEA sample.
Another important device inside the SEM is the so called EBSD. The name originates
from Electron Back Scattered Diffraction. The sample is tilted to the included angle of
around 20 degrees to the beam, as one can see in the Figure 3.9. The diffracted electrons
can interfere and draw the Kikuchi pattern on the fluorescent layer of detector. These
patterns can be quickly analyzed by computer and after indexing, every point of the
sample can be attributed to a crystal structure. Once the EBSD map is collected, one can
obtain the crystal structure, the grain orientations, the type of grain boundaries and they
summarized length, and further useful parameters. It is important to mention that EBSD
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Figure 3.9: Schematics of EBSD measurements (b), where diffracted beam causes the
Kikuchy pattern (a) on the detector[43].
investigation needs a very well polished surface with minimal residual amorphous (or
deformed) layer. The EBSD information comes from the first few 10 nm thick layer of the
sample, so the grinding caused distorted zones has to be removed before this measurement.
As the pillar fabrication have been completed, one have to compress them while record-
ing the applied force and displacement data. There are several techniques to do so. The
most unique and reliable is the in-situ measurement, when an external device is mounted
inside the vacuum chamber of the SEM. In the figure 3.10 one can see the schematics (a)
and photo (b) of University’s self made in-situ indentation device.
Two ultrasonic motors are used for XY positioning. In general, the acoustic emission
detector is mounted on the top of this two stages. In our case, acoustic emissions were
not recorded and the detector was unmounted as one can see in the (b) part of picture
3.10. The Z direction movement is controlled by two motors. The first is the coarse Z
motor for raw motions, the second is piezo controlled with 0.1 nm accuracy. The stiffness
of the spring is a foregone conclusion and it depends on the design of the finished part.
The displacement of this sprig is measured with capacitive sensor with 0.1 nm resolution.
From this displacement and stiffness data one can calculate the samples deformation x e
and applied force F = se, where x is the displacement of fine Z stage (used only in the
case of indentations), e is the capacitively measured elongation of the spring and s is the
stiffness of the spring.
To avoid charging of the compression head, a flat ended boron doped diamond tip is
used. An enormous number of improvements has to be done on the device to earn the
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Figure 3.10: Schematics (a) and photo (b) of in-situ indentation device.
possible resolution. The most serious problem was to lead away the heat produced by
ultrasonic motors in vacuum. Our Quanta 3D SEM has an environmental stage for non
conducting and wet samples, which contains a Peltier cooling system. This insert was
mounted to the bottom of the XY positioning system (the device is not included in the
(b) part of 3.10 picture). Another important problem was the vibration of the spring,
which arises in the vacuum (in absence of air there were no damping effect). To avoid
this we used strong permanent magnets and the produced eddy current was entrusted to
damp these vibrations.
3.6 Transmission Electron Microscopy and Electron En-
ergy Loss Spectroscopy
In contrast with SEM investigation, Transmission Electron Microscope (TEM) works
with parallel electron beam which is transmitted through a specimen to form the image.
The applied acceleration voltage in TEM is much higher than in the SEM (around 200
keV instead of approximately 20 keV), thus the resolution of TEM is higher by an order
of magnitude than in the case of SEM.
The specimen has to be prepared well for this type of investigation, which means a
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very fine cutting and polishing. The usual thickness of a TEM sample is around or below
100 nm. In this point of view the sample preparation is more difficult like in the case of
SEM. The schematics of a TEM device can be seen on the Figure 3.11.
Figure 3.11: Schematics of a Transmission Electron Microscope.
The image is formed by the interaction of the electrons and the sample while the beam
is transmitted. The image is then magnified and focused onto an imaging device (imaging
plate, film or CCD).
A TEM can be used in many ways, which means many modes of beam path. The most
important feature for TEM is that one can take a look both on real picture and diffraction
image as well. This means that one can find a place to investigate, switch to diffraction
mode and obtain local crystal structure information. The two modes of TEM can be seen
on the following Figure 3.12.
If the TEM is equipped with a special instrument, one can perform Electron Energy
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Figure 3.12: Schematic representation of two modes of TEM.
Loss Spectroscopy (EELS), which means the energy distribution measurement of electrons
passing through the sample. During a TEM investigation, the electron beam can interacts
with the sample elastically and inelastically. The needed interaction for EELS measure-
ment is the inelastic one, since that means energy exchange between primary beam and
sample atoms.
EELS is spoken of as being complementary technique to Energy Dispersive X-ray
Spectroscopy, the resolution of composition information is higher and one can obtain
chemical bonding information from it, as well. The setup for EELS and a typical spectrum
can be seen on the Figure 3.13.
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Figure 3.13: Typical setup for EELS technique (left) and the spectrum obtainable by
this measurement (right).
3.7 X-Ray Photoelectron spectroscopy
X-Ray Photoelectron spectroscopy is a quantitative technique to obtain local atomic
composition in parts per thousand range. The spectrum is obtained by irradiating the
sample with X-Ray photons while simultaneously measuring the energy of electrons es-
caping due to the photon bombarding. The maximum depth of this electron escape is 10
nm, so the technique is called near surface. A schematic draft of the measurement setup
is shown on Figure 3.14.
Figure 3.14: Typical setup for XPS technique.
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3.8 Density measurement
The precise density is an important parameter while characterizing the alloys. To
measure, we have used He gas pycnometer (Accupic 1340, United States). This device is
able to measure the volume of random shaped samples and combined with analytic mass
measurements, one can obtain the density by precision of three digits.
3.9 X-ray crystallography
X-Ray Diffraction (XRD) is a technique that can be used to identify the structure of
amorphous and crystalline materials. In the case of crystals, the X-ray beam is diffracted
into specific directions. Since atoms scatter the X-rays through the electrons, this process
produces spherical waves spreading from these diffraction centers. The spherical waves
can interact and in some directions will cancel each other, other directions can interfere
constructively. This phenomena is determined by Bragg’s law:
2d sin⇥ = n , (3.6)
where d is the distance between the crystal planes, ⇥ is the incident angle, n is an integer
and   is the wavelength of the X-ray beam.
The typical wavelength of X-rays is the same order (⇠ 1 100 Å) as the spacing d between
planes in the crystal, so this type of radiation is excellent choice to investigate the crystal
structure, not to mention that it is easy to produce X-rays in laboratory scale.
Figure 3.15: Schematics of Bragg reflection.






h2 + k2 + l2
a2
,
where a is the lattice constant. Since the Miller-indexes (hkl) are integers, the 1/d2
hkl
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values (computed from the equation 3.6) can be formed as integer number (N) times the
1/a2, where N = h2+k2+l2. In other words, after the XRD measurement one can measure
the 2⇥ positions of peaks and obtain d values from Bragg’s law. In the possession of d
values one can generate 1/d2 values and find out the N easily for cubic system. The N
carries the information about diffracting planes through the Miller indexes and in this way
the reflecting planes for each reflection can be identified. The simple cubic, body-centered
cubic of face centered cubic system is recognizable easily from the extinction rules.
3.10 Differential Thermal Analysis
Differential Thermal Analysis (DTA) is a thermoanalytic method, similar to the dif-
ferential scanning calorimetry. The investigated material in the companionship of an inert
sample is heated up under protective atmosphere. The temperature differences between
these two samples are recorded and then plotted in the function of time or function of
temperature (DTA curve or thermogram). In this way both endothermic and exother-
mic reactions can be detected and the curve provides information on the transformations





As it was mentioned on previously, the field of HEAs was estabilished by the concep-
tion that the high configuration entropy can stabilize solid solution phases and do not
allow the rise of intermetallics. This concept was further supported by the so called core
effects. In general, according to the state of the art today, there is no consensus about the
righteousness of these effects. In order to understand the pros and cons, one should take
a little time to get familiar with the most important events in the literature of HEAs. In-
stead of chronological order, the field should be presented following the „core effects”. The
logical structure of this chapter strongly relies on a very well written paper of Pickering
and Jones [44].
4.1 High Entropy Effect
The high entropy stabilization is believed to be the key feature of these alloys. In
agreement with this, many papers were dealing with the question of entropy from the
beginnings [6, 28, 45] and also on the later years [46–54]. These listed „later” papers were
mainly focusing on the phase stability of single-phase alloys, therefore the investigations
were carried out after applying the righ heat treatments. From the discussions of these
papers many important conclusions can be drawn. Firstly, the as-cast state should be
considered as a metastable and secondly, only very few alloys show resistance against
heat treatments and remain single-phase.





AlCrFeCoNi [58–60] alloys can be considered as stable single-phase materials. In general,
the NiCoFeCrMn alloy is considered as the example alloy in this field, firstly reported by
Cantor et al [7]. This alloy was thought to be a stable single-phase FCC [48, 51, 61–65].
On the other hand, a phase instability of this alloy was reported [9, 10]. It has been shown
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that the Cr-rich   phase starts to precipitate below 800 C and based on this the alloy
should not to be considered as stable single-phase anymore.
As a member of the CuNiCoFeCrAl
x
family, the CuNiCoFeCrAl0.5 alloy was reported
as a single-phase FCC one. Recent studies however reported than it can decompose into
more phases as B2, LI2 and Cr rich   precipitates [50, 66–70].
It should be mentioned that the absolute phase stability cannot be fully proved by ex-
perimental measurements, but an important issue should be drawn based on cited studies:
the as-cast microstructure got too much attention. Proper heat treatments are needed to
reach the nearer-equilibrium structures [71, 72]. Another important warning is that some
studies have shown that aging treatments usually end up with nanoscale precipitations [9,
10, 73–77]. These precipitation are usually not visible by SEM studies, the STEM (Scan-
ning Transmission Electron Microscopy) or APT (Atome Probe Tomography) techniques
are needed to reveal them.
As it was drawn in the previous sentences, only very few HEAs were found as stable
single-phase solid solutions. Nowadays many attempts are made to prove that rather the
enthalpy term is important, not entropy, or simply there is no ability of forming the inter-
metallic phases in these compositions. Continuing this train of thought, the name HEA
become inappropriate, since it gives the inherent concept of entropic stabilization. In the
last few years the multi principal element alloy, complex concentrated alloy, composition-
ally complex alloy naming occurred in the literature but none of them was strong enough
to change the omnipotence of the HEA term. A much wider problem is that for the same
alloy, consisting from Ni, Co, Fe, Cr, Mn was referred at least in four different ways [9,
10, 61, 65]. In addition to be annoying, this make the search for given composition diffi-
cult. Some authors believe that the atomic number should be used as a guideline to name
their alloys, others prefer the alphabetic order. A systematic convention for the naming
is necessary.
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4.2 Severe Lattice Distortion
„In other words, large lattice distortion energy is produced, which tends to destabilize
the fcc structure. Because BCC structures generally have a lower atomic packing density
(68%) than fcc and hcp structures (both 74%), it can more readily accommodate larger
solute atoms like Al” [78].
If anyone meets such type of sentence in the HEA literature, do not feel him/himself
surprised. The concept of Severe Lattice Distortion can be found in many articles [45, 65,
70, 78–83]. The most important effects regarded to this concepts are the increased alloy
strength and the decreased XRD peak intensity (since the increased distortion should
result in much diffuse scattering). On the other hand, in some papers one can find the
monition that high-quality data and high resolution measurements would be needed in
order to isolate the effect of lattice distortions from other peak broadening factors as:
crystallographic texture, thermal vibrations or fluorescence [84–89].
In the excellent work of Santodonato and co-workers, a pair distribution function an-
alysis was used to identify this effect in the Al1.3CrFeCoNiCu alloy. „Comparing with the
observed PDF, the greatest mismatch occurs at short distances, less than 10 Å, suggesting
the presence of local lattice distortions due to different atomic sizes in the solid solution”
[79]. Toda-Caraballo and co-workers have recently predicted [90] lattice strains in some
HEAs by Density Function Theory (DFT) and spring models (based on quadratic poten-
tials). The study predicted localized strains in nearest neighbor bonds in the BCC lattice
of VNbMoTaW within 5% of lattice parameter. This value is no greater than in the case
of binary alloys [84, 85, 91, 92].
Considering the fact that any strain would increase the free energy of an alloy system,
one can easily conclude that the stability of a very strained system have to be poor.
Remembering to Hume-Rothery rules: solid solutions has to be unstable if the atomic
mismatch is large enough [89, 93]. In correspondence with this, some studies found that
Al containing HEAs (where the great mismatch was utilized by Al atoms) are unstable
in the majority of cases [13, 94, 95].
4.3 Sluggish Diffusion
The concept of sluggish diffusion, suggested by Prof. Yeh, has been used to explain nu-
merous experimental observations in many papers [6, 71, 73, 75, 83, 96–98]. The concept
lays on the assumption that lattice potential energy is different from the dilute solute
alloys. In a HEA there will be some atomic sites, where the bonding configuration is
preferable in some way for a diffusing atom. Other sites may act like a provisional trap,
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thus slowing the diffusion. Till to date, in the literature one can find only one study which
measured directly the self-diffusion coefficients in a HEA [33]. Tsai and co-workers have
found that scaled activation energies (Q/T
m
, where Q is the activation energy and T
m
is
the melting point of the alloy) of each constituents of NiCoFeCrMn were higher than in
ordinary FCC binary alloys and some steels. Since the diffusivity depends exponentially
on the scaled activation energy, it must be recognized that it also depends on the pre-
exponential factor as well.
Some years later Beke and co workers confirmed the sluggish character of the diffusion
in similar HEA [30], however they weakened the conclusions of [33].
This core effect is much criticized in the regard of precipitations in many as-cast and
rapidly cooled HEAs [50, 66–68, 97, 99–104]. The alloys investigated in these studies were
subjected to rapid cooling or water quenching after an high temperature annealing. In
this respect one may conclude that the results are in contrast with the concept of the
sluggish diffusion.
However, an idea should be mentioned from a recent study of Ustinovshikov, regarding
the ordering phase separations [105]. He was investigating the microstructure modulations
of some binary systems which were water quenched from solid solution state. The question
raised, when did the investigated modulations formed? The first and natural answer is
that during the cooling. However, if one consider the time necessary for cooling during
water quenching (⇠1 s), realizes, that the diffusion of substitution atoms has to exceed the
experimentally measured rates by three-four orders of magnitude. Therefore, these mod-
ulated structures has to be formed during holding on temperature, from which quenching
was carried out. In pursuance of this, the liquid phase separation should not be forgotten.
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Conclusions
Surveying the literature it turned out that although many composition families have
been studied already, except the Al, the systematic investigation of alloying with sp el-
ements on a well known NiCoFeCr (called the stainless steel family) HEA was missing.
This is why we decided to investigate the effect of other sp elements as Ge, Ge and Sn.
On the other hand, our aim was to create a „complementer” refractory type alloy,
which contains Fe and is significantly cheaper than the existing 3d, 4d and 5d transition
alloy based ones (like for example TiZrTaVNb). These high strength and high temperature
refractory alloys, showing neutron irradiation resistance as well, are important, since they
could be the possible structural materials of tomorrow.
The selected alloy compositions which have been investigated in this work are pre-









Table 4.1: Compositions investigated in this work




During my MSc studies, I have prepared more than twenty HEA compositions, from
which I have made my masters thesis [106]. From that time, the number of prepared alloys
grew to more then forty. Since this is such a huge number that one can not investigate
with good accuracy and at a sufficient depth, emphasis was placed to multiphase HEAs
only. In this thesis I want to discuss two HEA families, the so called refractory type
(Fe,Ni,Cr,Mo,W) containing alloys, and the „sp-doped” family. In order to keep things
separated, I will discuss the families in different sections and subsections, concentrated
around my thesis points.
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5.1 The effect of sp-elements on properties of NiCoFeCr
HEAs [107–110]
As it was described before, the equimolar NiCoFeCr, often called as the first-and-base
HEA, has been the topic of recent theoretical and experimental works [80, 100, 111–113].
Furthermore; the systematic investigation of Al (as an sp element) addition is also well
studied in the literature [58, 80, 97, 114].
On the basis of Al addition, our aim was to check the effect of other sp elements on
the equimolar system. Without adding any doping elements, the structure of NiCoFeCr
base alloy is a single-phase FCC in paramagnetic state at room temperature. In this work
we have prepared equimolar compositions of the NiCoFeCrM, where M is one of the Al,
Ga, Ge and Sn elements. The effects of these additions on the structure and mechanical
properties have been investigated.
The X-ray diffraction (XRD) measurements were performed by using diffractometer
(Bruker D8, Germany) with Co target (  = 1.7890), working at voltage and current of
40 kV and 40 mA, respectively. Scanning speed of 1 
min
was applied for the 2⇥ interval of
40-115 .
Microstructure was investigated by scanning electron microscope (SEM) (Quanta FEI,
USA), in which energy dispersive spectrometer (EDS) was also used to determine the
chemical composition of the phases. Transversal and longitudinal ultrasound propagation
velocities have been measured with precision ultrasonic tester (Olympus 45 MG, Japan).
Mechanical properties were studied by measuring both macroscopic and microscopic hard-
ness of the samples.
In order to study local mechanical properties, micro hardness measurements were
carried out using a UMIS nanoindentation device (Australia) with Vickers type indenter
and applying maximum load of only 50 mN. In this case, a series of 400 indentations were
recorded with the indents arranged in a 20x20 matrix with neighbor spacing of 20 µm.
The maximum indentation depth is lower than 300 nm, so that the maximum indent size
was around 2 µm, smaller than the average size (>10 µm) of the phases. Oliver-Pharr
method [35] was used to calculate the hardness (HV) from load-displacement data of
indentation. In order to estimate the equivalent yield strength,  
eq
, macroscopic hardness
measurements were performed by applying maximum load of 10 N on a United Test device
(China) with Vickers type indenter. The reported macro-hardness values (HV
macro
) are the
averages of at least 5 individual measurements. The error bars on these average values





/3) in the present analysis.
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Figure 5.1: Average VEC of the investigated NiCoFeCr based HEAs.
Figure 5.1 shows the average valence electron concentration (VEC) of the investigated
alloys. It can be seen that only the basic NiCoFeCr sample has the average VEC higher
than 8. By addition of sp elements, the average VEC is decreasing to between 7 and
7.5. According to results obtained by Fuyang et al. [115] and Guo et al. [116], the average
VEC seems to be the most important factor determining the crystalline structure of HEAs.
Single phase having FCC structure is found at VEC > 8 and BCC structure at VEC <
6.9. Between the two limits a phase mixture can be expected. Considering this prediction,
in the present case, single phase FCC can be expected only in the basic alloy. By adding
sp elements, a phase mixture determines the microstructure of the investigated materials.
The microstructure of the basic alloy can be seen in the Fig. 5.2. The SEM image was
taken using back-scattered electrons, which are sensitive to the atomic composition. On
the right part of picture the element map can be seen. Both pictures indicate a homoge-
neous structure having relatively homogeneous distributions of the constituent elements,
proving clearly the single-phase structure. The result is in agreement with literature, since
studies [80, 111] have shown that (at least on this scale) there is an absence of chemical
ordering in this alloy.
Figure 5.3 shows the SEM images on the microstructure of the HEAs containing sp el-
ements. In all cases multiphase structure can be observed, which is in agreement with the
mentioned VEC criteria predicted by Guo et al. [13]. The images were taken by secondary
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Figure 5.2: SEM picture of the reference alloy NiCoFeCr (left) and its elemental
composition revealed by EDS, using 20 keV accelerated electrons (right).
(A,B,D) and back scattered electrons (C). As one can conclude, the phase morphology
and fractions are dissimilar in the four cases. The biggest difference can be seen in the
case of Sn addition (C).
The compositions of the different – denoted as darker and brighter – areas shown in
the SEM images of Figure 5.3 were analyzed by EDS and are given in Table 5.1. It can
be seen that the difference in the compositions of the two regions is slightest in the case
of Al, and it is strongest in in the case of Sn addition.
Composition measured by EDS (at%)





Table 5.1: Composition of different phases seen in SEM images of Fig. 5.3.
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Figure 5.3: SEM images on the microstructures of NiCoFeCrAl (A), NiCoFeCrGa (B),
NiCoFeCrSn (C) and NiCoFeCrGe (D).
Figure 5.4 shows the XRD patterns obtained on the investigated samples. Similarly
to the SEM investigation, the XRD results, on the one hand, confirm the FCC structure
of the basic NiCoFeCr sample. On the other hand, these results also unambiguously show
the multi-phase structure of the sp-containing samples.
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Figure 5.4: XRD patterns of the investigated NiCoFeCr based HEAs.
The nature of the microstructure of the samples was also followed by nanoindentation.
Figure 5.5 shows the nanohardness distributions for all cases. It can be seen that simple
one-peak distribution is characterizing the local hardness of the basic NiCoFeCr sample.
This is the consequence of the homogenous – single-phase (FCC) – microstructure of this
sample. The most probable nanohardness of this FCC structure sample is relatively low, of
about 4 GPa. By adding sp elements, the experimental results reveal different interesting
situations.
In the case of Al addition, where the two regions of the mixture microstructure have
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nearly identical composition regions (see Table 5.1), the hardness distribution remains
one-peak located at significantly higher value of about 7.5 GPa.
Figure 5.5: Nanohardness distributions obtained on the investigated HEAs
This high value indicates that although both FCC and BCC phases can be found, the
fraction volume of the harder BCC phase is dominant in the structure of this sample. In the
case of other sp elements rather two-peak distributions can be observed, with different
peak-values. It can be seen in values of Ga and Ge containing samples that the lower
hardness-peak obtained for Ga and Ge addition, respectively, is located at about 4 GPa,
similar to that characterizing the hardness of the basic sample. This result suggests that
the fraction values of FCC and BCC phases is comparable in these two alloys. In the case
of the Sn-containing alloy both peaks of the hardness distribution can be characterized
by hardness values higher than 7.5 GPa, indicating the dominance of the BCC phase in
the structure of this sample, similarly to the situation in the case of Al-containing sample
mentioned above.
The equivalent yield strength,  
eq
, estimated from the macrohardness values are given
in Table 5.2, where the nature of the microstructure can also be found. It can be seen
that the present results reflect well the general tendency characterizing the mechanical
properties of the HEAs. Namely, alloys with BCC structure are found as harder materials,
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Nominal composition Microstructure Yield strength  
eq
[MPa]
NiCoFeCr single-phase, FCC 800
NiCoFeCrAl two-phase, more BCC 1860
NiCoFeCrGa two-phase 1360
NiCoFeCrSn two-phase, more BCC 1830
NiCoFeCrGe two-phase 1130
Table 5.2: Estimated yield strength of the investigated HEA alloys
and the FCC structured alloys, on the contrary, are softer. In a HEA having phase mixture,
it can be supposed that the yield strength depends on the ratio of the fraction volumes
of two phases.
Concerning the BCC/FCC phase ratio in the double-phase region, one is tempted
to apply the rule of mixing in the VEC interval 6.78-8. However this is not allways a
good point, since for example in the case of Mn containing HEAs, Guo and co-workers
[116] have already emphasized that the rule cannot be applied. We note here, that we
have found different BCC/FCC ratio, even for the same VEC (see Figure 5.3 and Table
5.2) comparing NiCoFeCrAl and NiCoFeCrGa (having VEC=7.2) and NiCoFeCrGe and
NiCoFeCrSn (with VEC=7.4), respectively. This phenomenon can be in connection with
the different electron affinity and/or the different enthalpy,  H
i j of forming between the
sp element in question and the 3d element partners in the alloy, see Table 5.3.
Alloy i-j element  H





















Table 5.3: The Miedema enthalpies of forming  H
i j and Pauling electronegativity
differences   
i j for the investigated alloys [24].
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The elastic constants measured by using ultrasonic techniques for the NiCoFeCr based
alloys are listed in the Table 5.4. It can be seen that both the elastic (E) and shear (G)
moduli of the basic alloy are almost the same than the lowest values characterizing the
features of the components (Co has the lowest elastic modulus of 209 GPa and also the
lowest shear modulus of 75 GPa). The moduli obtained for sp element-containing alloys
are somewhat lower.






Table 5.4: Measured elastic constants of the investigated HEAs
The main results of this section can be summarized as following thesis statements:
TS1: It was found in all cases that the sp elements (X ) are attached to Ni in the
NiCoFeCrX system, where X means one of the four investigated sp element. This result
is in strict connection with with enthalpy of forming (see table 5.3). Furthermore, the
chemical concentration distribution of the elements in the FCC/BCC phases generated
after the doping, differ less in the case of Al containing sample (NiCoFeCrAl) and it is
more accentuated for the Ga, Ge, Sn elements.
TS2: Different FCC/BCC phase ratios were found even for the same VEC values of Al,
Ga and Ge, Sn containing samples. This phenomena can be observed both on nanohard-
ness measurements and the phase fractions measured by the SEM. Based on this, the
electron affinity and/or the different enthalpies of forming between sp element and 3d
partners should also be taken into account in the phase selection criteria.
TS3: It was also found that the initial paramagnetic NiCoFeCr alloy turned to be ferro-
magnetic by sp doping signalizing that at least one of the product phases is ferromagnetic
at room temperature.
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5.2 Phase stability and magnetic behavior of NiCoFe-
CrGe HEA [109]
While investigating the doping effect of sp elements on paramagnetic NiCoFeCr base
alloy, we have found that all products are ferromagnetic at room temperature. Naturally,
a question turned up: where does the ferromagnetism of new samples come from? In order
to investigate the magnetic properties and phase stability, we have studied the Gibbs free
energies of the system in both FCC and BCC phases.
The total energies were calculated using the exact muffin-tin orbitals (EMTO) method
[117, 118] in combination with the coherent potential approximation (CPA) [119–121]. The
exchange-correlation effects were treated within the generalized gradient approximation
(GGA) in the form of Perdew-Burke-Ernzerhof (PBE) [122, 123].
The one-electron Kohn-Sham equations were solved within the scalar-relativistic ap-
proximation and soft-core scheme. The Brillouin zone integrations were performed on a
21x21x21 k-points mesh. The paramagnetic state was modeled within the disordered local
moment (DLM) approximation [124]. The present theoretical approach has been verified
against observations in the case of FeCrCoNiAl
x
HEAs [125].
Based on thermodynamics, two phases arrive at equilibrium when their chemical po-
tentials become equal. Following the experimental observations, we consider the FeCrCo(NiGe)
x
(0.167  x  3.5) system as a pseudo-binary (FeCrCo)1 y(NiGe)y alloy with y =
2x/(3 + 2x) and 0.1  y  0.7.
Then the relative formation energy can be expressed as G↵(y) = G↵(y)  [1  (10y  
1)/6]GFCC(0.1)  [(10y  1)/6]GFCC(0.7), where ↵ stands for FCC or BCC, and G↵(y) is
the Gibbs free energy per atom for (FeCrCo)1 y(NiGe)y in the ↵ phase.
Here, G(y) is approximated by E(y)   TS
mix
(y), where E(y) is the total energy per
atom for (FeCrCo)1 y(NiGe)y in the ↵ phase, and T is the temperature. The mix-
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Figure 5.6: Comparison of the Gibbs formation energies for FCC and BCC phases for
(FeCrCo)1 y(NiGe)y, (0.1  y  0.7) in paramagnetic (PM) and ferromagnetic (FM)
states as a function of NiGe content at room temperature. Note that y = 2x/(3+2x),
where x is the atomic fraction of NiGe in FeCrCo(NiGe)
x
.
In this investigation, the electronic entropy, magnetic entropy and the explicit lattice
vibrational free energy are neglected. In Figure 5.6 we present the concentration depen-
dence of Gibbs formation energy  G for FeCrCo(NiGe)
x
alloys in both paramagnetic
and ferromagnetic states at room temperature.
As it can be seen, the FeCrCo(NiGe)
x
favors the formation of FCC phase in param-
agnetic state for all x values considered here. In ferromagnetic state, on the other hand,
the FCC and BCC phases arrive at equilibrium around x = 0.773 (y = 0.34) as the Gibbs
energy difference vanishes.
According to the rule of common tangent line, we find that at room temperature
FeCrCo(NiGe)
x
is likely to form BCC phase for x < 0.5 (y < 0.25), FCC phase for
x > 1.1 (y > 0.42), and two (or duplex) phases between the above limits.
Combining with the XRD and SEM results, the present calculations suggest that the
FeCrCoNiGe alloy is ferromagnetic at room temperature. To further confirm the above
predictions, we investigate the high temperature magnetization of the sample by using
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Figure 5.7: Magnetization as a function of temperature for the as-cast FeCrCoNiGe
alloy. The dashed line denotes the crossing point.
vibrating sample magnetometer (VSM) and thermomagnetic (TMAG) testing system.
The results obtained for a linear temperature control (heating/cooling rate 20 K/min)
are shown in Figure 5.7. Apparently, the ferro- to para-magnetic transition occurs around
T
C
= 640 ± 10K, where the magnetization drops rapidly to zero. The relatively high T
C
makes the alloy be potential candidates for soft magnetic applications at high tempera-
ture.
Interestingly, previous studies show that the FeCrCoNi HEA is paramagnetic at room
temperature (T
C
= 120 ⇠ 130K)[126, 127]. To better understand the magnetic behavior
induced by the equimolar Ge addition, in Figure 5.8 (a) we plot the theoretical magnetic
moments for each alloy components in the ferromagnetic FCC/BCC FeCrCoNi and FeCr-
CoNiGe systems. It is immediately clear that the magnetic moment of Cr is anti-parallel
with Fe/Co/Ni (i.e., anti-parallel magnetic coupling), which is consistent with previous
calculations [128, 129]. The non-magnetic element Ge is found to be nearly non-polarized
(or slightly anti-parallel with Fe/Co/Ni). In addition, HEAs with a BCC structure exhibit
higher magnetic moment than those with an FCC structure, and the addition of Ge does
not have significant effect on the magnetic moment of the other alloy components.
Seeing no substantial change in the magnetic moments upon Ge addition, next we
turn to the magnetic exchange interactions between the alloy components. We note that
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magnetic exchange interactions contain detailed information about the electronic structure
and magnetic interactions, and have often been used to understand the chemistry-induced
changes in fundamental physical parameters.
Here, we make use of the pair exchange interaction parameter J
ij
, which describes
the magnetic interactions between atoms at sites i and j. We mention that these are the















are the magnetic moments of the atoms at sites i and j, respectively.
Magnetic force theorem was performed to calculate the exchange interaction parameters
in the ferromagnetic state [130]. To better illustrate the contribution by each site in the






where ↵,  =(Fe, Cr, Co, Ni, Ge) and J↵  = J ↵, and z
j
is the coordination number of the
jth coordination shell. The obtained results for FeCrCoNi and FeCrCoNiGe are present
in Figure 5.8 (b). It is found that for both alloys the first several neighbors contribute a
major part to the interactions, and starting from seventh neighbor the interactions can be
neglected. In addition, take FeCrCoNi (in FCC phase) as an example first, the dominating
interactions are from Fe-Cr, Fe-Co, Co-Co and Cr-Cr pairs at the first neighbor shell.
When equimolar Ge is introduced, the change of interaction is mainly contributed by
the Fe-Fe, Fe-Cr, Fe-Co and Cr-Cr pairs. Note that Cr is anti-parallel with Fe/Co/Ni
[as shown in Figure 5.8 (a)], hence the positive interactions between Cr and Fe/Co/Ni
indicate an anti-ferromagnetic coupling. For FeCrCoNiGe in FCC phase, the interaction
parameters of Fe-Fe and Fe-Co (Fe-Cr) pairs increase (decrease), indicating the stronger
ferromagnetic behavior. The Cr-Cr interaction decreases, which suggests weakened cou-
pling between Cr atoms.
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Figure 5.8: (a) Magnetic moment of each
components for FCC/BCC FeCrCoNi and
FeCrCoNiGe in ferromagnetic state. (b) Exchange
interaction for different pair of atoms in FeCrCoNi
and FeCrCoNiGe as a function of jth coordination
shell.
Analysis of the value for each
pair suggests that the FCC Fe-
CrCoNiGe possesses stronger fer-
romagnetic order than FeCrCoNi.
Then for FeCrCoNiGe in BCC
phase, the interaction parameters
of Fe-Fe, Fe-Co and Cr-Cr (Fe-
Cr) pairs increase (decrease) ob-
viously, which means BCC Fe-
CrCoNiGe exhibits a stronger
ferromagnetic order than FeCr-
CoNi. The present results for
the magnetic exchange interac-
tions explain the large differ-
ence in the Curie temperature
between FeCrCoNi and FeCr-
CoNiGe, and particularly, sta-
bilizing the BCC structure is
much more important to de-
sign magnetic FeCrCoNiGe based
HEAs.
In summary, theoretical and
experimental methods have been
employed to investigate the struc-
tural and magnetic properties of
FeCrCoNiGe HEA. Results show
that the alloy possesses a mixture
of FCC and BCC solid solution
phases, and has a ferromagnetic Curie temperature around 640 K. Analysis of magnetic
exchange interaction indicates that the appearance of BCC phase has a strong impact on
the Curie temperature compared with the FeCrCoNi host. Outstanding combination of
strength and ductility is expected due to the interesting duplex FCC/BCC phase, and the
insight obtained from the present study can be used to guide the design and optimization
of alternative magnetic materials based on HEAs.
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TS5: The doping of Ge to the NiCoFeCr system results on significant change in mag-
netic properties through obviously increased magnetic exchange parameters. Ge is BCC
stabilizer in the NiCoFeCrGe system.
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5.3 Evolution of the phase structure after heat treat-
ments ending with different cooling speeds in NiCoFe-
CrGa High Entropy Alloy [110]
The objective of this work was to study and analyze the cocktail effect in a NiCoFe-
CrGa high entropy alloy by tracking the mechanical and structural properties obtained
for by different cooling conditions of a properly chosen heat-treatment. Considering the
binary phase diagrams [131] of Ga-X pairs, high possibility of forming intermetallic phases
should be expected. Furthermore, according to observation which will presented in the
next subsection, the NiCoFeCrGa system shows an anomalous thermal expansion ex-
plained by ferromagnetic BCC to paramagnetic FCC transition [108].
The equimolar Ni20Co20Fe20Cr20Ga20 ingot having mass of 20 g has been prepared
from high purity (99.99%) elements by induction melting in cold copper mold under inert
atmosphere. After preheating the components, argon (with 99.996 % purity) was used
with titanium getter to protect the pieces from oxidation. Taking into account that the
melting point of Ga is significantly lower than that for other elements, a bowl-like piece
of Co was used to hold the Ga pieces during the first melting process.
Fortunately, in spite of low melting point -contrary to mercury – the evaporation of
Ga is very low even at high temperatures, so it should not be expected to disappear from
the alloy. This assumption was proved by subsequent analytic mass and EDS measure-
ments as well. When reaching the final product, the ingots were broken and melted five
times to achieve the proper homogeneity of the sample. The average melting temperature,
T
m
(calculated by the concentration weighted average rule) of the Ni20Co20Fe20Cr20Ga20
sample is 1547 K.
The microstructure investigation and chemical analysis were carried out with scanning
electron microscope (SEM) equipped with energy dispersive spectrometer (EDS) in mul-
tifunctional FEI Quanta 3D equipment and a Zeiss ULTRA 55. Electron backscattered
diffraction (EBSD) was also carried out with Quanta 3D.
Nanohardness measurements were carried out with automatized UMIS nanoindenta-
tion device working with Vickers type indenter. A series of 225 indentations were recorded,
arranged in a 15x15 matrix with neighbor spacing of 20 µm. The maximal indentation
depth was between 0.3-0.6 µm, giving indentation patterns with size of around 2-5 µm
(see the inset figure of Figure 5.15), significantly smaller than the size of the observable
initial phases.
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Figure 5.9: Cooling rates of different conditions at the end of the heat-treatments.
The Curie temperature measurement was carried out using thermo-gravimetric equip-
ment (DAM, B60, Ugine Eyraud), working in medium vacuum (p=13 mbar). Thermal
analysis was performed with a Differential Thermal Analyzer (DTA, SETARAM SetSys)
from room temperature to 1570 K at heating rate of 10 K/min in Ar atmosphere. The
sample holder was Pt. The heat treatments were performed in tube furnace under Ar gas
(99.95% purity) protection. The heating rate was set to 10 K/min and so was the cooling.
According to the preliminary DTA measurements, the annealing temperature was chosen
to 1150 K. This value corresponds as 0.68 T
m
of the investigated Ni20Co20Fe20Cr20Ga20
sample. Magnetic Force Microscopy (MFM) measurements were performed in Institute
of Experimental Physics SAS, Kosice, Slovakia. Bruker Atomic Force Microscope (AFM)
was used with magnetized Co tip.
Present investigation was pointing to a basic question: how stable is the mixture of
two solid solutions or what kinds of structures can be formed in this system. In order to
check the stability of the microstructure of the investigated NiCoFeCrGa alloy, beside the
as-cast state (denoted as AC) other three samples were annealed for 1 hour at 1150 K and
then slowly cooled (HT-SC), or moderately cooled in Ar (HT-MC), or rapidly cooled by
quenching into room temperature (RT) water (HT-RC sample). The cooling speed of AC
alloy in the final stage of induction casting was around 50 K/s. Concerning the annealing
treatment, when reaching the annealing time, the HT-MC sample was moved to unheated
region of tube furnace and HT-RC one was quenched into a bowl of RT water. The HT-SC
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sample was let to cool down with the furnace.
Figure 5.10: Result of the Differential Thermal Analysis (DTA) measurements.
The cooling characteristics of the investigated samples can be seen on Figure 5.9, while
Figure 5.10 shows the DTA thermogram taken on the initial (AC) sample.
Some specific regions (marked as A, B, C and D) can be seen in this curve, indicating
the phase transformation – the formation of new phases – in the investigated alloy. In the
region of D point, one can see clearly the multistep melting of the material.
As it will be shown below, the region indicated by A, corresponds to Curie point, and the
formation of needle-like precipitates is assumed to be between B and C points. Consid-
ering the visibly strong change in the temperature range between 1000 and 1200 K (in
region BC), a strategy was decided to study the microstructures of this sample after heat-
treatments at 1150 K for 1 h, which is followed by cooling at different rates, as described
above, to RT.
The SEM images of Figure 5.11 show the typical features characterizing the microstruc-
tures of the initial and heat-treated samples. The images were taken by using the back-
scattered electrons, making the contrast by the different atomic compositions of phases.
According to the results of EBSD investigations, in the case of Figures 5.11 A-D, the
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darker areas in the images mark the FCC phase and the brighter ones present the BCC
phase regions. The experimental results show that in the case of the initial (AC) sample
the two – FCC and BCC – phases are well separated (see Figure 5.11 A). Furthermore, the
heat-treatment at 1150 K for 1h resulted in the formation of new precipitates. In the case
of rapidly and moderately cooling rates (see Figure 5.11 B and 5.11 D) needle-like BCC
phase particles are formed inside the FCC regions. In the case of slow cooling (Figure 5.11
D and 5.11 E), in the whole BCC structure (both initial BCC grains and subsequently
evolved needles) small-sized cuboidal, BCC precipitates occur.
Figure 5.11: SEM images taken on A) as-cast, B) annealed and rapidly-cooled
(HT-RC), C) annealed and moderately-cooled (HT-MC) and D-E) annealed and
slowly-cooled (HT-SC) alloys. The crystal structure of different regions and precipitates
was identified by EBSD measurements and they are indicated on the pictures by arrows.
The darker areas correspond to FCC, the brighter areas to BCC regions. More details of
the microstructure of HT-SC alloy are shown in higher magnification in the image E.
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During the SEM investigations, EDS measurements were carried out to reveal the
compositions of the phases in the investigated samples. The EDS results - listed in Table
5.5 - clearly shows that the BCC phase contains more Ni and Ga, while the FCC compo-
nent has more Fe, Co and Cr. The overall composition of the samples remained equimolar
within the error. 20keV electrons were used for imaging, with the spatial resolution around
1-2 µm. Since the needle-like precipitates are comparable with such a size, this kind of
information should be considered as qualitative. Anyway, it is convincing that the trend
between measured values of FCC and BCC phases is similar. It is important to mention
that the cuboidal precipitates are too small for EDS technique in the SEM.







Table 5.5: Results of EDS measurements (in at%) made on all samples. The error of the
measurements is around 2%.
Careful investigation has shown that while in the AC condition the FCC phase has
higher fraction, giving the ratio of FCC to BCC phase fraction is about 60 to 40%, the
heat treatments at 1150 K for 1 h resulted in lower fraction for FCC component, decreas-
ing the mentioned ratio FCC/BCC to 40/60.
Considering the compositions of these two phases (see in Table 5.5), it can be sup-
posed that the first step of crystallization in in the AC sample is the formation of the
Ni17Co22Fe23Cr23Ga15 FCC phase containing higher amount of Fe and Cr, which ele-
ments have highest melting points (1811 and 2180 K, respectively). By the crystallization
of this Fe and Cr rich phase the melting point of the remaining melt decreases, leading
to the formation of the BCC phase from rather the lower melting point components. Our
experimental results have shown that the FCC phase quickly solidified in the AC sample
is unstable, leading to the decomposition into needle-like BCC phase particles inside the
FCC regions during the subsequent heat-treatment, when there is enough time for the
formation of more stable microstructure.
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Figure 5.12: Elemental maps built from EDS measurements of HT-SC sample. The
grey map on the left side is the electron image. The color maps are corresponding to
local intensity of the given element indicated in the left corner of each picture. The
brighter the color is, the higher the intensity. (The horizontal size of the map is 20 µm.)
Figure 5.12 shows the elemental maps taken in HT-SC sample. In spite of the weak
differences in compositions between the BCC and FCC phases, the maps built from EDS
measurements reveal clearly the differences between the elemental concentrations inside
the FCC regions. On the maps of Figure 5.12 one can see that the composition of the
needles formed in the FCC regions is visibly the same as that of the initial BCC phase.
Based on the resulted data of EDS measurement (Table 5.5 and Figure 5.12) it can be
concluded that the Ni content is attached to Ga, while Co rather to Fe and Cr in this
HEA system.
Considering again the DTA thermogram shown in Figure 5.10, it can be seen that
there is a very weak exothermic region, which is followed by an endothermic peak around
the point A. This is about the Curie-point (T
c
= 649 K) of the sample, confirmed by
thermo-gravimetric measurement shown in Figure 5.13. The presence of the exothermic
peak indicates the formation of new precipitates below T
c
, which, however, dissolute im-
mediately above T
c
, causing the subsequent endothermic peak. Analyzing the cooling
section of the magnetization curve shown in Figure 5.10 (see the inset), it can be seen
that the magnetization of the sample still changes strongly during cooling below T
c
. Al-
though further investigations are needed to clear the situations, the correlation between
microstructure evolution and the magnetization of the investigated alloy allow us to con-
clude that the cuboidal precipitates observed in the HT-SC sample were formed in the
temperature region near to – but below- the Curie- point.
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Figure 5.13: Result of the thermo gravimetric measurements. The black line represents
the heating part and the red one the cooling. The inflection point of the both curves is on
the same location. The derivative inset graph shows the Curie-point around 650 K.
It seems that the magnetic behavior may have significant role on the microstructure
evolution of the high entropy NiCoFeCrGa alloys containing both ferromagnetic (Ni, Co,
Fe) and antiferromagnetic (Cr) elements. While the ferro-paramagnetic transition and
the inherent change of the magnetic domain structure is well-known for simpler alloys
having only Ni and Fe [132, 133] or only Co and Ni [134] as ferromagnetic elements, in
the present case so far no any evidence can be found in the literature. This assumption
has been verified by magnetic force microscopy (MFM) investigation. Figure 5.14 shows
an MFM image taken on the microstructure of HT-MC alloy. The dark phase and needle
like structures correspond to ferromagnetic BCC phase.
In order to estimate the local hardness fluctuations caused by the evolution of mi-
crostructure, nanohardness measurements were carried out, the results can be seen in
Figure 5.15.
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Figure 5.14: Magnetic Force Microscope picture of HT-MC alloy. The dark phase and
needle like structures correspond to ferromagnetic BCC phase.
The obtained hardness distributions reflect well the microstructures formed for the
effect of different heat treatments. It can be seen that in all cases, the hardness distribution
is visibly consisting of two peaks and a transition region. The two peaks are relatively
far from each other, characterizing the harder BCC (having the nanohardness between 7
and 11 GPa) and the softer FCC (between 3 and 4.5 GPa) regions. The hardness values
between these two peaks are obtained in and/or near to the FCC/BCC boundaries. It
can be seen that by annealing the peak-value of BCC phase is slightly decreasing, also
with decreasing cooling rate. This is the real effect of the annealing process, where the
effect of the residual stress – in general – is easing, mainly with decreasing cooling rate.
In the present work, the hardness of the original BCC regions has decreased dramatically
(by about 30%, from 10.4 to 7.4 GPa) when the sample is heat-treated and then slowly
cooled (sample HT-SC). This dramatic hardness-decrease should be attributed to the
significant evolution of the microstructure - the decomposition of the BCC phase into
cuboidal precipitates and BCC matrix – in this slow cooling sample.
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Figure 5.15: Nanohardness distributions of the as-cast and annealed samples. The inset
shows a SEM image of the indented HT-MC sample.
In the case of lower peaks characterizing the softer FCC regions, the changing ten-
dency is not monotonously, neither by annealing, nor by decreasing the cooling rate. In
this case, contesting processes should be taken into account. Beside the softening effect
of decreasing residual stress, the formation of new (needle-like, cuboidal) particles is also
influencing the strength/hardness of the samples. In fact, by the formation the BCC-phase
needles, the original FCC regions become no more purely one-phase, when applying the
heat treatment at 1150 K for 1 hour.
The main conclusions of this section can be summarized to following points:
• The microstructure, containing a mixture of well-separated FCC and BCC regions
of the as-cast alloy has changed significantly by heat-treatment for 1 h at 1150
K. Needle like BCC phase particles evolved inside the original FCC regions when
cooling the heat-treated samples to room temperature by rapid or medium rates.
The chemical composition of the BCC needles is the same than that of the original
BCC regions in the alloy.
• In the case of slow cooling, at around the Curie-point, all of the BCC regions de-
composed into a mixture of BCC matrix and cube-like BCC phase precipitates,
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indicating that the transition between para- and ferromagnetism may have signifi-
cant role on the microstructure evolution of the high entropy NiCoFeCrGa alloys.
• There is an unambiguous correlation between the cooling rate and the microstruc-
ture of the heat-treated alloy. Thus, such type of HEAs shows great potential on
tuning both mechanical and magnetic properties by different annealing conditions.
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5.4 The effect of heat treatments on the microstructure
of Ga doped NiCoFeCr HEAs
Considering the thermogram shown in Figure 5.10, one can design targeted heat treat-
ments (see in the Table 5.6) to follow the mechanical and chemical changes in the system.









3 1123 Cooled with furnace
1 1273 WQ
3 1273 WQ
Table 5.6: Parameters of targeted heat treatments related to NiCoFeCrGa samples. All
of the processes were conducted in Ar protection atmosphere. The WQ cooling condi-
tion means water quenching in room temperature water. The typical sample mass was
between 3-5 grams. For better insight, the coherent temperature conditions are grouped
with fluctuating bold/normal typesetting.
After the heat treatments, the samples were grinded and polished to 0.3 µm diamond
suspension. Before the XRD measurements, electropolishing was applied to obtain the
best surface for such investigation. In contrast with previous cases, these XRD patterns
were recorded with copper target. The diffractogram can be seen in the Fig. 5.16.
As one can conclude, based on the XRD measurements shown in Figure 5.16, the gen-
eral structure of all annealed samples remained unchanged, a mixture of FCC and BCC
crystal structures. The slightly visible peak shifts can be attributed to changes in lattice
parameters. The change in balance of forces between FCC and BCC peaks (which are de-
noted with semi filled circles and diamonds, respectively) indicates the random inserting
of samples to the XRD device.
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Figure 5.16: XRD patterns of all heat treated samples. As one can conclude, the alloy
remained FCC/BCC duplex during the whole investigation. No absence or rise of other
crystal phase was observed. The peaks of FCC/BCC structures are denoted on the
picture with semi filled circle (FCC) and diamond (BCC).
The results of macroscopic hardness measurements (using 1 kg load and 10 s indent
time) can bee seen in Fig. 5.17 figure. It can be seen that the macroscopic hardness of the
sample changes significantly in the function of annealing conditions. For first, the nominal
hardness of as-cast (AC) state (which is not presented in the Figure 5.17) increases from
335 HV to 405 HV during 560 and 700 K annealing, then it drops down to the initial AC
value for further higher T heat treatments.
Increasing the heating temperature, the hardness values turn to be higher, till the top
value of 420 (1123K temperature 3h annealing time and water quenching [WQ]). In the
case of furnace cooled sample the hardness is somewhat lower that in the case of water
cooled sample, what is a real effect of quenching (e.g. quenched stresses).
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Figure 5.17: Results of macroscopic hardness measurements using 1 kg load and 10 s
indent time in the function of annealing temperature (K) and time (h). Each data point
means the average of 10 individual measurements carried out with enough spacing to
avoid the work hardening effect of indentations.
The fluctuations in hardness values are indicating changes in the material (phase trans-
formations, precipitations, and so on). Now considering again the XRD results (see on the
Fig. 5.16) one can notice that even a minor change is indiscernible on the peaks. In order
to answer this phenomenon, high resolution studies have been carried out. As one takes
a closer look to the results of hardness measurements (see the Fig. 5.17) can see, that
effects (or differences) became much significant if applying higher times (in this study 1
or 3 hours). This suggests thermal activation for transformations in the material, thus
diffusion controlled processes.
The as-cast microstructure is well known from our previous study [107]: a mixture of
FCC and BCC grains. The phase ratio in this condition is around 50-50% in average. As
in all cases of small samples, this value change significantly in the function of distance
from the edge of the material. This is normal behavior, since a 20g mass sample has to
cool down rapidly from bottom side in the end of processing (as the mold is cooled with
water). The NiCoFeCrGa HEA system is further really sensitive to the cooling conditions.
In order to show how much, on the Fig. 5.18, reader can see a sample which was fabricated
by centrifugal casting. The wedge like sample is exposed to varying cooling from the top
to bottom, just because of the varying thickness.
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Figure 5.18: Optical microscope picture of the wedge-like specimen of NiCoFeCrGa
HEA. Scale is 1 mm.
As one can see, the sample’s thickness varies from around 70 microns up to more
than 1 millimeters from the top to bottom. In the Figure 5.19 a selected area EBSD
measurement can be seen.
Figure 5.19: Unique grain color map of EBSD measurement taken on the wedge like
sample. The investigation was carried out on selected zone, which can be found in the A
site on Figure 5.18.
Taking closer look on the EBSD map, on which every color means now individual
grains, one can conclude that there are regions on the borders, where dendrite structure
does not occur. The reason for this is that the materials stable state BCC but a metastable
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FCC is easily achievable from the melt. So if on can relate this material to quick cooling
from liquid, the high temperature favored FCC structure can be freezed. Inside of the
wedge the dendrite structure can be recognized.
On the Figure 5.20 the SEM pictures of 560K/3h samples are shown.
Figure 5.20: Increasing magnification SEM pictures taken after polishing in the case of
560K annealing endig with water quenching after three hours. All the pictures were taken
by back scattered electron detector.
Based on the SEM images, no change is visible at the end of the 3 hours annealing. The
microstructure resembles to the AC condition. On the following Figure 5.21 the reader
can see the SEM figures taken after the second, 700K annealing.
Figure 5.21: Increasing magnification SEM pictures taken after polishing in the case of
700K annealing endig with water quenching after three hours. All the pictures were taken
by back scattered electron detector.
Since the vCD (low-voltage high contrast detector - for back scattered electrons) can
reveal some concentration information, a really hard contrast was set to find the possible
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phase differences which can result the increasing hardness. As one can see on the Figure
5.21, there are many concentration fluctuations in the grains, but no change is visible in
the phase structure. Unfortunately this high contrast goes with increased noise, which
can be see on the pictures as well.
When investigating the XRD line profiles, we have found a broadening in the case

























Figure 5.22: Comparison of line profiles fo 560 and 700K annealed samples.
It is important to mention that 700K is right the region of Curie temperature of the
sample, so the ferromagnetic coupling became less important in this case. The highly
broadened line profile of 700K/3h annealing is also indicating an preparing phase trans-
formation.
On the Figure 5.23 one can see the SEM pictures of 973K/3h annealed sample.
At the end of the 973K annealing, obvious changes in the phase structure can be seen. The
FCC grains remained unchanged. On the other hand, many nanoscale precipitation can
be found inside of the BCC phase. Considering again the values of Figure 5.17, hardness
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Figure 5.23: Increasing magnification SEM pictures from 973K/3h annealed sample.
On the picture, „clear” grain is the FCC phase and others, with precipitations, belongs to
BCC.
dropped down to initial value at the end of heat treatment. A possible answer can be the
relased lattice strain which had grew during less temperature heat treatments.
Continuing the heat treatments, the Figure 5.24 shows the SEM pictures of 1123K/3h
annealed sample.
Figure 5.24: Increasing magnification SEM pictures from 1123K/3h annealed sample.
On this picture, bright grains belong to BCC, darker ones to FCC phase.
Comparing the SEM results of Figure 5.24 with Figure 5.23, one can conclude, that
right the opposite happened. The BCC phase is clear from nanoscale precipitates and
in the FCC phase, needle (or plate) like structure can be found. The grayscale value of
the needles resembles to BCC phase1. On the previous study [110] we showed that these
1The vCD detector provides composition information about investigated material via back scattered
electrons.
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needles are similar in composition to the BCC grains and a crystal structure is BCC as
well. As a clarification of this, we show a phase map built from EBSD informations (see
the Figure 5.25.
Figure 5.25: Forward Scattered Detector (FSD) images of polished sample surface (up
left and right) and associated phase maps (down left and right) built from EBSD data.
63
5.4. Annealing vs Microstructure: NiCoFeCrGa Chapter 5. Results and discussion
The Figure 5.25 shows two FSD images about the surface after polishing and gentle
etching with increasing magnification. The corresponding EBSD data was used to build
the phase maps. The color code is BCC=blue and FCC=grey.
In the Figure 5.26 one can see the SEM images of 1123K annealing ending with slow
furnace cooling.
Figure 5.26: Increasing magnification SEM pictures from 1123K annealed sample.
After the annealing, the sample was left inside the furnace to cool down slowly.
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Manifestly, in the case of 1123K annealing followed by slow cooling, the BCC needles
can be found in the FCC grains and also the whole BCC structure contains the nano size
cuboidal precipitates. In order to find out the structure and composition of these objects,
near surface electron spectroscopy (ESCA) and electron energy loss spectroscopy (EELS)
investigation was used.
Taking a closer look on these cubes (see the Figure 5.27) one can find „black” and
„white” ones. This is both visible on secondary electron picture and much more on back
scattered images. Unfortunately, the resolution of back scattered imaging is somewhat
lower that in the case of secondary electron detectors, so for better illustrating, I have
chosen a secondary electron picture.
Figure 5.27: SEM picture from cubes formed inside the BCC phase.
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From the Figure 5.27 two-two cubes were selected and analized in the ESCA equip-
ment. The results can be seen on the Figure 5.28.
Figure 5.28: Results of elemental analysis for cubes (left) formed inside the BCC phase
also compared with the matrix composition (right).
The most surprising result of figure 5.28 is the amount of chromium. One can see that
in the black cubes the Cr content is really high, up to 40%. This amount seems to be
stable over more than 10 measurements, which are not presented here. The white cubes
contain less chromium, but slightly more then the parent matrix does.
This result suggests a possible two step mechanism for the cuboidal transformation.
In the first step the sufficiently high Cr „shapes” are formed and when the matrix emp-
ties from Cr element, the second concentration type forms. Although the black cubes are
relatively uniform in Cr content, the white ones show some fluctuation between 4 atomic
percentages. Furthermore, the trend of elemental distribution in cubes and in parent grain
is similar. This suggests the idea, that Cr migration plays role.
In order to double check the result obtained by ESCA technique, EELS measurements
were performed by Transmission Electron Microscope (TEM). From the given composition
maps, only Cr showed significant values from inside of the cubes. The corresponding TEM
picture and the elemental map of Cr can be seen on the Figure 5.29.
Based on our EELS investigation, it can be concluded that the Cr content is essentially
higher inside the cubes than in the parent grain. Other elements distribution seems to
be stable both in the matrix and the cubes as well. This result corroborate the ESCA
results and one can conclude that the formation of these cubes can be related to short
range chemical ordering of chromium.
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Figure 5.29: Selected area investigation with EELS technique (left) and chromium map
(right). The brighter means the higher Cr content.
We have carried out EBSD investigation to provide phase information from cubes as
well. The results can be seen on the Figure 5.30.
Figure 5.30: Image Quality picture built from EBSD data of investigated NiCoFeCrGa
alloy (left). Inverse Pole Figure map of grains of FCC phase (center) and for BCC
phase (right).
Based on the results of 5.30, it can be seen that the cubes belong to BCC phase as
well. No phase boundary is observable between cubes and parent grain, which means that
no real precipitation occur, just only chemical segregation or migration of Cr element with
possible spinodal mechanism.
In general, in this system, the FCC phase is containing more in Cr that the BCC
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one. In the Figure 5.31 the reader can find the elemental distributions measured for FCC
grains, BCC needles inside the FCC grains and original BCC grains, respectively.
Figure 5.31: Results of elemental analysis for cubes formed inside the BCC phase also
compared with the matrix composition. The area investigated by ESCA equipment is also
shown.
It can also be seen that the elemental analysis of each phases revealed that the compo-
sition of BCC needles formed inside the FCC grain is almost the same as for the original
BCC one.
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To see the high temperature state of the material, we have performed one final, 1273K
heat treatment as well, ending with water quenching. The microstructure of the samples
can be seen on the following Figure 5.32.
Figure 5.32: SEM pictures taken on 1273K/3h annealed sample. The picture was taken
with vCD detector. On the third picture the reader can see a line, where composition
analysis was performed.
Based on the contrast differences on the Figure 5.32, we have prepared a line concen-
tration analysis in order to obtain possible concentration fluctuations inside the grains.
The results can be seen in the Fig. 5.33.
The analysis evaluate the concentration of four grains (from left to right: BCC, FCC,
BCC and BCC). In order to better insight, the elements were grouped as Ni-Ga and Co-
Fe-Cr. The profile reveals the expected values. The high fluctuations are regarded to EDS
technique, but the average seems to be stable inside individual grains.
The chromium content in the third sample (BCC) is somewhat lower in than that
is the BCC phase average. This fluctuation is observable in many places in the case of
1273K/3h sample.
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Figure 5.33: Results on line elemental analysis taken on 1273K/3h annealed sample.
In summary, our result show a multistep transformation in the NiCoFeCrGa alloy in
the function of heat treatments.
• At high temperature, the sample contains both FCC and BCC phases in the same
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(50-50) percent.
• Based on the results, the BCC phase should be presented with higher phase frac-
tion, although the phase fraction is similar to the high temperature state. This
phenomenon can be regarded into metastable state, namely: the FCC structure is
easier achievable than BCC and the energy difference (driving force) is not high
enough for the diffusion activated process at room temperature.
• Giving the chance for the system with proper heat treatment will result in phase
transformation, when a needle like structure grow inside the FCC grains, thus the
phase fraction of the material converges to stable state.
• A second transformation will occur in the system at lower temperatures (around
Curie temperature), where the excess Cr from all BCC phases (original grains and
needle grains of FCC phase) migrates to nano size cubes.
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5.5 Thermal expansion of FeCrCoNiGa high-entropy
alloy
First-principle alloy theory and key experimental techniques are applied to deter-
mine the thermal expansion of FeCrCoNiGa high-entropy alloy. The magnetic transition,
observed at 649 K, is accompanied by a significant increase of the thermal expansion co-
efficient. The phase stability is analyzed as a function of temperature via the calculated
free energies accounting for the structural, magnetic, electronic, vibrational and config-
urational contributions. The single- and polycrystal elastic modulus for the ferro- and
paramagnetic states of the face-centered and body-centered cubic phases are presented.
By combining the measured and theoretically predicted temperature-dependent lattice
parameters, we may reveal the structural and magnetic origin of the observed anomalous
thermal expansion behavior.
Our ab initio calculations are based on density functional theory [135–137] imple-
mented in the framework of the exact muffin-tin orbitals (EMTO) formalism [vitos2007comp].
In the present application, the chemical and magnetic disorders were treated within the
coherent-potential approximation (CPA) [138]. The one-electron equations were solved
within the scalar-relativistic approximation and soft-core scheme, and the Green functions
for the valence states were calculated for 16 complex energy points. The muffin-tin basis
set included s, p, d and f orbitals. The exchange-correlation effects were treated within
the generalized gradient approximation [123, 139]. The paramagnetic state was simulated
by the disordered local moments (DLM) model [124]. The validity of this theoretical ap-
proach has been verified against observations including the case of FeCrCoNi-based HEAs
[125, 140].
The relative phase stability at ambient pressure and as a function of temperature is
investigated from the free energies computed for various structures. Here we decompose
the free energy as
F = E + F conf + Fmag + F vib + F elec,
where E is the internal energy, and F conf + Fmag + F vib + F elec reflect the additional
temperature-dependent contributions for the configurational, magnetic, vibrational and
electronic free energies, respectively.
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For an ideal solid-solution, we have






























is the local magnetic moment of the ith alloying element.
This expression corresponds to a completely disordered paramagnetic state [141]. The
vibrational free energy is derived from the Debye-Grüneisen model



















is the Debye temperature, and D is the Debye integral [142].
Finally, the electronic free energy is defined as
F elec = Eelec   TSelec,
where Eelec and Selec are the electronic energy and entropy, respectively, which are ob-
tained directly from the EMTO calculations using the finite-temperature Fermi distribu-
tion [143].
Figure 5.34 shows the calculated temperature-dependent free energies of FeCrCoNiGa
for the FCC and BCC structures at both ferromagnetic (FM) and paramagnetic (PM)
states. For clarity, all free energies are plotted with reference to the BCC FM state. It is
found that, irrespectively to the crystal structure, the FM state is energetically stable at
low temperature, and the PM state becomes favorable at high temperature.
The magnetic transition temperatures are estimated from the present FM and PM
free energies to be 643 K and 691 K for the fcc and bcc structures, respectively. The
Curie temperature (T
C
) obtained from the thermomagnetic measurements is around 649
K. The very good parallelism between the theoretical and experimental values supports
the accuracy of the present theoretical scheme. As indicated in Figure 5.34, the FCC
and BCC phases in the FM state arrive at equilibrium around room temperature where
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the free energy difference vanishes. Namely, the present system is expected to form a
thermodynamic stable FCC-BCC duplex phase near room temperature.
This prediction is consistent with experimental observation [107]. When comparing all
four free energies, we find that the FM BCC phase is the most favorable phase at low
temperature (cryogenic conditions) and the PM fcc at high temperature. It should be men-
tioned that samples synthesized in experiments always possess complex micro-structures.
For example, FeCr-rich precipitates embedded in a NiAl-rich matrix were observed in
as-cast FeCrCoNiAl system [144]. In the present theoretical model, to better isolate the
crystal structure effect, we assumed that the HEAs have perfect composition and display
ideal solid solution phase with FCC and BCC lattices, i.e., the ordering/segregation effects
were completely neglected. Nevertheless, the good agreement between theory and exper-
iment indicates that the present theoretical approach can capture the structural energy
differences and trace energy changes related to the temperature variation in the HEAs.
Figure 5.34: Temperature-dependent free energies (left and middle panels) of the
FeCrCoNiGa high-entropy alloy for the FCC and BCC structures with the ferromagnetic
(FM) and paramagnetic (PM) states, respectively. All energies are plotted with respect to
the corresponding energy of FM BCC. The right panel shows the measured magnetization
after normalization as a function of temperature for the as-cast FeCrCoNiGa alloy. The
dashed line denotes the magnetic transition temperature.
According to the present ab initio calculations, the lattice vibrations play an impor-
tant role in the phase stabilization. As the key parameter in the Debye-Grüneisen model,
the Debye temperature ⇥
D
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are the longitudinal and transverse sound
velocities, respectively.
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The sound velocities are given by the polycrystalline bulk modulus B, shear modulus








G/⇢. It should be mentioned that
the so derived Debye temperatures are consistent with the elastic Debye temperatures ob-
tained by solving the Christoffel equation and the following results are not sensitive to
the actual choice [118].








for the FCC and BCC
FeCrCoNiGa at both FM and PM states. The present experimental results are also plot-
ted for comparison. It is found that the theoretical ⇢ at static conditions (0 K) is the
smallest in the BCC FM state (around 8.26 g/cm3) and the largest in the FCC PM state
(around 8.38 g/cm3). These values are only 0.7-2.2 % larger than the experimental value
(8.20 g/cm3) measured at room temperature.




are about 5.37-5.71 km/s and 2.69-2.84
km/s, respectively, which compare well with the corresponding experimental values of 5.22
km/s and 2.82 km/s. Using the computed densities and sound velocities, for the Debye
temperature in the FCC FM (PM) state and BCC FM (PM) state we get 394 K (417
K) and 416 K (396 K), respectively. These values are very close to 410 K estimated from
measurements.
Figure 5.35: Density (left panel), sound velocity (middle panel) and Debye temperature
(right panel) of the FeCrCoNiGa high-entropy alloy for the FCC and BCC structures
with the ferromagnetic (FM) and paramagnetic (PM) states, respectively. The
experimental results are shown by the shaded bars. The experimental error bars for the
density and sound velocities are 0.2% and 2.5%, respectively.
The corresponding theoretical elastic moduli for the present system are summarized
in Table 5.7, along with the available experimental data. Here, the bulk modulus B and
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its pressure derivative B0 at equilibrium volume are extracted from the equation of state
described by an exponential Morse-type function [142] fitted to the ab initio total energies
for a series of volumes.
The two cubic shear modulus C 0 = (C11 C12)/2 and C44 are derived from the volume-
conserving orthorhombic and monoclinic deformations [118]. The polycrystalline shear



















) gives an alternative measure of the elastic anisotropy (for isotropic crys-
tal A
V R
is zero), which is independent of the crystal structure and thus can be used to
compare anisotropies of various structures.
The Young’s modulus E and Poisson ratio ⌫ are connected to B and G by the relations
E = 9BG/(3B +G) and ⌫ = (3B   2G)/(6B   2G), respectively. As shown in Table 5.7,
the G and E values for FeCrCoNiGa are predicted to be 59.9-67.4 GPa and 159.8-178.2
GPa, respectively, which are in line with the corresponding experimental data [107]. It is
interesting to notice that, the present system is expected to be ductile because its ratios in
all considered phases are well above the critical value of 1.75 [146]. Furthermore, the PM
FCC FeCrCoNiGa is predicted to possess similar ductile/brittle characteristics as pure Ni
based on the Gilman’s line (C44/C12 vs G/B ) [147]. The Grüneisen parameter   describes
the anharmonic effects and gives the volume dependence of the Debye temperature by
⇥
D
(V ) = ⇥
D
(V0)(V0/V ) . We notice that   can be expressed as   =  f + B0/2, and for
pure metals the factor f = 1/2 gives a good agreement with the experimental data [118,
142].
Str. C11 C12 C44 B G E B’ ⌫ AZ B/G AV R
FCC FM 184.7 146.9 123.3 159.5 59.9 159.8 5.6 0.333 6.5 2.66 0.36
PM 196.2 148.8 131.2 164.6 67.4 178 6.3 0.320 5.5 2.44 0.31
BCC FM 215.1 162.7 122.3 180.2 66.7 178.2 4.5 0.335 4.7 2.70 0.26
PM 193.9 156.4 125.4 168.9 60.5 162.2 5.7 0.340 6.7 2.79 0.37
Exp. 65 168
Table 5.7: Theoretical single-crystal elastic constants(C11, C12 and C44 in units of GPa)
and polycrystalline elastic modulus (B,G and E, in units of GPa), pressure derivative
of the bulk modulus (B0), Poisson’s ratio (⌫), Zener anisotropy ratio (A
Z
), Pugh ratio
(B/G), and the elastic anisotropy (A
V R
) for the FeCrCoNiGa HEA for FCC and BCC
structures and for ferromagnetic (FM) and paramagnetic (PM) states, respectively. All
theoretical results refer to 0K. The room-temperature experimental shear modulus and
Young’s modulus are taken from [107] and have error bar of 5%.
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Figure 5.36 displays the theoretical lattice parameter L and thermal expansion co-
efficient ↵ for FeCrCoNiGa in the temperature range of 0 - 900 K. The values of L at
300 K are 3.637 (3.627) Å and 2.885 (2.884) Å for the FM (PM) FCC and BCC phases,
respectively, and they increase by 1.11 (1.33) % and 0.68 (1.08) % when the temperature
reaches 900 K.
It is evident that the temperature gives a larger influence in the FCC phase than
in the BCC phase. Further insight can be gained by considering the thermal expansion
coefficient defined as ↵ = (1/L)dL/dT .
As shown in Figure 5.36, we find that the calculated ↵ for all considered phases increase
rapidly at low temperatures and gradually turn towards a linear trend at high temper-
atures. For the highest temperature region considered here, the propensity of increment
becomes moderate, especially for the FM BCC.
Figure 5.36: Lattice parameter (left and middle panels) and thermal expansion
coefficient (right panel) of the FeCrCoNiGa high-entropy alloy for the fcc and bcc
structures with the fer- romagnetic (FM) and paramagnetic (PM) states, respectively.
The experi- mental results are depicted by circles with error bars.
We recall that according to experiments the present system possesses a duplex FC-
C/BCC structure. Hence, the actual mean ↵ should be estimated by averaging over the
individual phases. For example, the FCC and BCC phases in the FM state are in equi-
librium at room-temperature. Assuming equal fractions for the two phases, we get the
thermal expansion coefficient ↵
300K
⇡ 13.3⇥ 10 6K 1, which agrees well with the experi-
mental data shown in Figure 5.36. The present theoretical value is also close to that of the
other HEAs such as FeCrCoNi (⇡ 14 ⇥ 10 6K 1) and FeCrCoNiMn (⇡ 15 ⇥ 10 6K 1)
[148, 149].
It is of particular interest to highlight that the experimental ↵ increases sharply around
the Curie temperature. We notice that theory predicts ↵ values which increase in the order
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of FM BCC, PM BCC, FM FCC and PM FCC in the entire temperature range. As a
consequence, the FCC/BCC duplex structure of FeCrCoNiGa in the FM state results
in a small ↵ derived as the mean value below the critical temperature. Furthermore,
the experimental ↵ is close to the theoretical value obtained for the FM BCC phase at
cryogenic conditions and to that for the PM fcc phase at high temperature.
Hence, the sizable difference of the calculated values between the FM and PM states
can explain the observed anomalous thermal expansion behavior.
In summary, our combined experimental and theoretical results demonstrate that the
FeCrCoNiGa HEA exhibits an anomalous thermal expansion behavior. From the the-
oretical free energies a mixture of the FCC and BCC phases is predicted around room-
temperature, in good agreement with experiment. The FM BCC phase is energetically the
lowest one among the considered phases at cryogenic conditions and the PM FCC phase
at high temperatures. The predicted ferro- to paramagnetic transition critical tempera-
tures are close to the measured Curie temperature. In the entire temperature range, the
smallest and the largest thermal expansion coefficient occur for the FM bcc phase and PM
fcc phase, respectively. The difference between the mean theoretical thermal expansion
coefficients below and above the Curie point explains the observed anomalous thermal
expansion behavior. The present findings demonstrate that engineering the magnetic and
structure transitions provides rich opportunities for designing and optimizing new HEAs
with interesting thermophysics properties. Finally we notice that the revealed strong cou-
pling between these two degrees of freedom brings the present and similar HEAs into the
focus of magnetocaloric applications as well.
The main conclusions can be summarized to following thesis statements:
TS5: The NiCoFeCrGa alloy is metastable FCC+BCC duplex in as-cast state. Struc-
tural and chemical transformations can be performed on the system, which are sensitive
to temperature and cooling rate as well.
TS6: In the case of 1100 K annealing ending with quick or medium cooling (103   101
K/s) the FCC/BCC ratio of the alloy can be tuned without implying any changes in
chemical homogeneity. This phenomena grants high mechanical tunability.
TS7: Near the Curie-point, the cube-like concentration fluctuations occur in the BCC
phase of NiCoFeCrGa alloy. This phenomenon can be achieved by ⇠ 900 K annealing or
higher temperature annealing, which end with slow cooling (10 1 K/s). This process is in
clear connection with Cr migration and can be attributed to spinodal mechanism, since
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no grain boundary can be observed between parent grain and cubes.
TS8: The formation of cuboidal chemical segregation seems to be multistep, since two
types of cubes are observable: „high Cr” and „low Cr” containing (see the Figure 5.28.).
The Cr content of „high concentration cubes” is much above the concentration of the
parent grain and the concentration of „low Cr content” cubes is near to the parent one.
TS9: The NiCoFeCrGa alloy posess an anomalous thermal expansion near to Curie
point, which is attributed to its ferro- to paramagnetic transformation.
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5.6 Microstructure and mechanical properties of refrac-
tory NiFeCrMoW HEAs [150]
A second type of HEA will be presented in this thesis, which contains Ni, Fe, Cr,
Mo and W elements. The aim of this work was to produce materials with high melting
temperature (which can be related to high T
m
elements as Mo and W).
Two alloys will be presented. The first one was designed for maximal entropy (Ni20Fe20
Cr20Mo20W20), and the second one for maximum solubility (Ni35Fe30Cr20Mo10W5) based
on combination of binary phase diagrams. The melting temperatures for the equimolar
and non-equimolar compositions are 2370 K and 1958 K, respectively. The VEC is 7.2 for
the equimolar and 8 for the other alloy.
Fig. 5.37 shows the XRD patterns of the two alloys, confirming the theoretical pre-
diction for the relation between the phase structure and VEC number of HEAs [13]. The
present XRD results indicate two phase microstructure containing FCC and BCC com-
ponents in both alloys. However, there is a significant difference between these two alloys:
while the equimolar Ni20Fe20Cr20Mo20W20 alloy with 7.2 VEC contains mostly BCC
component, the other non-equimolar alloy Ni35Fe30Cr20Mo10W5, with VEC value of 8,
being close to the border of VEC criteria for two phase structure, consists mainly of FCC
phase.
Figure 5.37: XRD patterns obtained on the a) equimolar and b) non-equimolar HEA,
showing the dominance of BCC and FCC components, respectively, in their
microstructure.
The SEM images of Figure 5.38 show the microstructure of the investigated alloys. In
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accordance with the XRD results, the SEM observations confirm the two-phase structure
in both samples. The compositions in the regions of the different phases were revealed by
EDS measurements and are given in the Table 5.8. The crystal structure and the volume
fraction of both phases were determined from EBSD. These characteristics can also be
found in Table 5.8. The experimental results indicate significant differences between the
microstructures of the two investigated alloys. While the Ni20Fe20Cr20Mo20W20 alloy
contains dominantly ( 70%) BCC phases (denoted as regions B and C), the dominant
component (⇡85%) in the Ni35Fe30Cr20Mo10W5 sample is FCC (denoted as region A).
Figure 5.38: XRD patterns obtained on the a) equimolar and b) non-equimolar HEA,
showing the dominance of BCC and FCC components, respectively, in their
microstructure.
Composition, structure and volume fraction of
Sample Region A Region B Region C
Equimolar Ni42Fe27Cr19Mo8W4 Ni25Fe23Cr23Mo17W12 Ni1Fe3Cr6Mo22W62FCC, 30% BCC, 70%
Non-equimolar Ni37Fe33Cr19Mo7W4 Ni22Fe26Cr23Mo18W11 –FCC, 85% BCC, 15% –
Table 5.8: Compositions and volume fractions of different phases in the different regions
of NiFeCrMoW alloys investigated.
Considering the compositions of different phases, the occurrence of two BCC phases
having different compositions in the equimolar alloy indicates that the first step of crystal-
lization in this alloy is the formation of the Ni1Fe3Cr6Mo22W62 BCC phase (cf. Region
C in Fig 5.38, right). By the crystallization of this Mo and W rich phase the melting point
of the remaining melt decreases, leading to the formation of the other BCC (Region B)
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and of the FCC phase (Region A).
Figure 5.39 shows the nanohardness distributions calculated from 400 indentations on
both samples. It can be seen that in the case the equimolar sample a two-peak distribution
was found with the peak value of 8 and 17.5 GPa (Figure 5.39 left), and for the non-
equimolar alloy rather one-peak distribution can be observed. The median of a single-peak
Gaussian fitted to these data is 7 GPa (Figure 5.39 right).
Figure 5.39: Nanohardness distributions obtained on a) equimolar
Ni20Fe20Cr20Mo20W20 and b) un-equimolar Ni35Fe30Cr20Mo10W5 samples.
These nanohardness distributions reflect the microstructure of the investigated sam-
ples. In the case of the non-equimolar sample, where the volume fraction of the BCC
phase is low (only about 15%, see in Table 5.8), the measured distribution is determined
mainly by the FCC component, resulting a single-peak distribution. The microstructure
of the equimolar alloy contains 30% FCC and 70% BCC, so the effect of both phases can
be observed, leading to a double-peak hardness distribution where the lower and higher
peak-values correspond to the hardness of the FCC and the two BCC components, respec-
tively. Our results clearly confirm the general observation that the BCC phase is harder
than the FCC.
This latter observation is confirmed also by our micropillar compression tests. Fig-
ure 5.40 shows typical compression engineering stress-engineering strain curves obtained
by compressing micro-pillars of both samples, as well as the SEM images of the de-
formed pillars. Considering the strength, the yield strength,  
y
of the non-equimolar,
FCC-dominated sample is around 0.4 GPa, which is similar to the  
y
range of stainless
steels. In the case of the equimolar, BCC-dominated sample significantly higher –more
than 1.2 GPa – yield strength was observed.
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Figure 5.40: Typical stress-strain curves and surface morphology of the compressed
micro-pillars on the surface of the investigated high entropy alloys, revealing the brittle
break of the BCC-dominant and more ductile deformation of the FCC-dominant
structures.
However, this sample is brittle with very limited plastic deformation before fracture
(see the two corresponding deformation curves and the SEM image in Figure 5.40). These
experimental results clearly show that in two-phase HEAs the soft FCC structure induces
ductility and the BCC phase results in high strength and hardness, similarly to the role
of hard particles in conventional particle strengthened alloy.
The present observations show unambiguously the correlation between the strength,
ductility and phase composition of equimolar Ni20Fe20Cr20Mo20W20 and non-equimolar
Ni35Fe30Cr20Mo10W5 high entropy alloys. The results reveal a transition from brittle
to ductile behavior between the materials having harder BCC and those having softer
FCC microstructures, thereby illustrating a possibility for optimizing the combination of
strength and ductility. The results demonstrate that by adjusting the composition in the
regime of VEC value between 6.87 and 8 the ratio of the FCC and BCC phases can be
changed.
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Consequently, the strength and ductility of these alloys can be tuned so that increasing
the VEC from 6.87 towards higher values the fraction of the softer and more ductile FCC
phase is increasing.
As a summary for this alloy family:
TS10: My results show unambiguous correlation between strength-ductility and phase
composition of the NiFeCrMoW alloys. One can tune the phase fraction by adjusting the




During my PhD research work, I have studied two mayor HEA families.
The first family is based on well known NiCoFeCr composition, which is paramagnetic
at ambient temperature and crystallizes to FCC structure. With some sp addition, this
system can be transformed to FCC/BCC duplex. This concentration-dependent double
phase nature allows both the magnetic and mechanical tunabilities of the system. Al-
though the base alloy is paramagnetic, the sp alloying stabilizes a ferromagnetic BCC
phase. This two phase structure is either visible on XRD, SEM and nanohardness distri-
butions.
In the case of Ge doped sample, the nature of the ferromagnetic BCC phase was re-
vealed with simulations.
The evolution of phase structure was followed by SEM, XRD, Nanohardness and DTA
measurements in the case of NiCoFeCrGa alloy. Experimental results revealed that this
HEA is metastable in as-cast condition. My results can also be extended to other anal-
ogous systems, suggesting that these alloys cannot be considered as stable in as-cast state.
The concentration dependent phase structure was shown in the case of NiFeCrMoW
refractory type HEAs. I have shown that the mechanical strength can be tuned by vary-
ing only the concentrations of constituents. Micropillars were prepared and their stress
strain curves were recorded in order to investigate the mechanical behavior of the samples.
The main results of my PhD work are summarized as thesis statements in the following
section.
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6.1 Thesis statements
6.1.1 sp element doping effects on d element based HEAs
TS1: It was found in all cases that the sp elements (X ) are attached to Ni in the
NiCoFeCrX system, where X means one of the four investigated sp element. This result
is in strict connection with with enthalpy of forming (see table 5.3). Furthermore, the
chemical concentration distribution of the elements in the FCC/BCC phases generated
after the doping, differ less in the case of Al containing sample (NiCoFeCrAl) and it is
more accentuated for the Ga, Ge, Sn elements.
TS2: Different FCC/BCC phase ratios were found even for the same VEC values of Al,
Ga and Ge, Sn containing samples. This phenomena can be observed both on nanohard-
ness measurements and the phase fractions measured by the SEM. Based on this, the
electron affinity and/or the different enthalpies of forming between sp element and 3d
partners should also be taken into account in the phase selection criteria.
TS3: It was also found that the initial paramagnetic NiCoFeCr alloy turned to be ferro-
magnetic by sp doping signalizing that at least one of the product phases is ferromagnetic
at room temperature.
6.1.2 NiCoFeCrGe
TS4: The doping of Ge to the NiCoFeCr system results on significant change in mag-
netic properties through obviously increased magnetic exchange parameters. Ge is BCC
stabilizer in the NiCoFeCrGe system.
6.1.3 NiCoFeCrGa
TS5: The NiCoFeCrGa alloy is metastable FCC+BCC duplex in as-cast state. Struc-
tural and chemical transformations can be performed on the system, which are sensitive
to temperature and cooling rate as well.
TS6: In the case of 1100 K annealing ending with quick or medium cooling (103   101
K/s) the FCC/BCC ratio of the alloy can be tuned without implying any changes in
chemical homogeneity. This phenomena grants high mechanical tunability.
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TS7: Near the Curie-point, the cube-like concentration fluctuations occur in the BCC
phase of NiCoFeCrGa alloy. This phenomenon can be achieved by ⇠ 900 K annealing or
higher temperature annealing, which end with slow cooling (10 1 K/s). This process is in
clear connection with Cr migration and can be attributed to spinodal mechanism, since
no grain boundary can be observed between parent grain and cubes.
TS8: The formation of cuboidal chemical segregation seems to be multistep, since two
types of cubes are observable: „high Cr” and „low Cr” containing (see the Figure 5.28.).
The Cr content of „high concentration cubes” is much above the concentration of the
parent grain and the concentration of „low Cr content” cubes is near to the parent one.
TS9: The NiCoFeCrGa alloy posess an anomalous thermal expansion near to Curie
point, which is attributed to its ferro- to paramagnetic transformation.
6.1.4 NiFeCrMoW
TS10: My results show unambiguous correlation between strength-ductility and phase
composition of the NiFeCrMoW alloys. One can tune the phase fraction by adjusting the





In order to describe the properties of solids, we have to solve the Schrödinger equations
for all interacting electrons and nuclei. However, unfortunately, this task is impossible
for real life systems, due to their size. In order to overcome these difficulties, several
approximations and simplifications should be used. In the followings, several approaches
will be presented, which were used during this research work.
7.1.1 Schrödinger equation
According to quantum mechanics, state of the system is described by the multi-particle
Schrödinger equation
H = E . (7.1)
Here E is the ground state energy,  =  (r1, . . . , rN,R1, . . . ,RM) corresponds to
wave functions for M electrons and N nuclei system with their positions r
i
(i = 1, . . . , N)
and R
j
(j = 1, . . . ,M), respectively. Thus the many-body Hamiltonian is described as

























































e is the mass and charge of
nuclei, respectively. ~ corresponds to reduced Planck’s constant ~ = h2⇡ .
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In Eq (7.2) the first two terms are the kinetic energy operators for electrons and nuclei,
respectively. The third part is Coulomb interaction between the electrons and nuclei, the
fourth is the same for electrons-electrons and the last corresponds to nuclei-nuclei Coulomb
interaction. This expression contains no approximations and in macroscopic materials
solving Eq (7.1) within Eq(7.2) is unfeasible task. In order to overcome the problem, the
Born-Oppenheimer approximation can be used, which means that the motion of atomic
nuclei and electrons can be separated. By this method, the situation become easier



























| = T + U + V, (7.3)
where T is the operator of electron kinetic energy, V is the potential of static nucleus
background, U is the internal potential from electron-electron interaction. By this dere-
liction the many body electron-nucleus problem is simplified to many electron problem.
However, it is still too complicated, so instead of considering many electrons in the exter-
nal field of static nuclei, one can consider non-interacting electrons in effective potential,
by the Density Function Theory (DFT) [135–137].
In this theory the electron density distribution plays a key role, the many-electron prob-
lem is reduced to an effective single-electron problem. In the following equations, atomic
units will be used, thus ~ = m
e
= e = 1.
7.1.2 Density Functional Theory
Using DFT, two important theorems has to be fulfilled:
• The effective potential V (r) is the unique functional of the electron density n(r)
aside from a constant.




V (r)n(r)dr+ F [n(r)] (7.4)
exists and has its minimum value for the correct n0(r).













[n] is also an universal functional, in which T
s
[n] stands for the
kinetic energy of non-interacting electron system and E
xc
[n] is the exchange correlation
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energy of the interacting system. In the Kohn-Sham [136] representation the electron









(r) are the Kohn-Sham orbitals. Based on this, n(r) can be obtained by solving


































[n]/ n is the exchange correlation potential.
Unfortunately the exact form of exchange correlation is not known, the basic theorem
guarantees it’s existence. If one wants to perform simulations, has to use some further
approximations. Nowadays the generalized gradient approximation (GGA)[120] and local
density approximations (LDA) [119] are two popular methods.
Several attempts were made by computational materials science community to solve
the Kohn-Sham equations. In the case of full potential methods, the wave function is
taken into account with high accuracy at the price of ultra expensive computer-, human
time and energy. The pseudo-potential method uses full potential in the interstitial places
and the potential of nuclei is replaced to a weak pseudo-potential. Third method is called
muffin-tin potential, in which the KS potential is replaced with spherically symmetric
potential in the lattice points and a constant potential is used at interstitial regions.
7.1.3 Exact Muffin-Tin Orbital Method
The exact muffin-tin orbital method was used during our researches. The details and
implementation of this method can be found in the [118]. According to this approximation,

























) becomes equal to V0 outside the potential sphere of radius sR. Now the
equations are solved by expanding the KS orbitals  
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Here, the expansion coefficients v↵
RL,i
can be determined from the condition that Eq. 7.10
should be the solution for Eq.7.7 in the whole space. The L index corresponds for L =



































where the first term is the partial wave inside the sphere, the second is the screened
spherical wave in the interstitial region (thus outside of the non-overlapping sphere), and
the third part corresponds to backward extrapolated free-electron wave function, which
is matched continuously and differentiable to the partial waves and screened spherical
waves. From the Kink-cancellation equation, the solution for the Kohn-Sham equation
can be found.
7.1.4 Coherent potential approximation
Based on Coherent Potential Approximation (CPA) the alloy can be replaced by an
ordered effective medium and the parameters are determined self-consistently. One sin-
gle impurity is placed to this effective medium and no information is provided about
the individual potential and charge density beyond the sphere around this impurity. In
this approximation the system is characterized by the g Green-function and the alloy
potential P
alloy
. First, one has to assume that the local potential around any atom of the
alloys is the same, and second, the system is replaced with a mono-atomic setup described
by a coherent potential P̃ . The g Green-function is approximated by a coherent Green-






alloy, where a, b, c, ... corresponds for the atomic fraction
of A,B,C, ... atoms, a single site Green-function g
i
is introduced.
The coherent Green-function g̃ is derived from the coherent potential using the elec-
tronic structure method
g̃ = [S   P̃ ] 1,
where S denotes the structure constant matrix for underlying lattice. With substitution
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of the coherent potential by the real atomic potentials P
i








, i = A,B,C, ...,
where the conditions are expressed by real-space Dyson equations. The average of the









These equations are solved iteratively and from the output the charge density, elec-
tronic structure and total energy of random alloy can be obtained.
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